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SEMI-CONDUCTOR DIPOLE: POSSIBLE RADIATING

ELEMENT FOR MICROWAVE/MILLIMETER WAVE

MONOLITHIC INTEGRATED CIRCUITS (MIMIC)

Parbhu D. Patel

Bell Aerospace Textron

P. 0. Box 1

Buffalo, NY 14240

ABSTRACT:

A wideband, semi-conductor conpatible dipole,

derived from the conventional metallic half wavelength

dipole is described. This dipole is resistively load-

ed along its length, producing a travelling wave

current distributioz that is insensitive to frequency

variations. The resistive loading, however, produces

a reduction in efficiency but an increase in

bandwidth. Graphs are presented which relate the

resistive loading, with efficiency and bandwidth for a

given length to diameter ratio of the dipole. These

graphs could be useful as design curves in the

tradeoff between bandwidth and efficiency.
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The resistive loading for a conventional dipole

can be achieved by varying the thickness of the

resistive material coating along the length of the

dipole. For a semi--conductor, however, the

resistivity can be varied by changing the doping

concentration (ND) of the impurities. Hence, a

wideband resistively loaded dipole can now he realized

on a semi-conductor substrate.
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1. INTRODUCTION:

Considerable effort is directed towards the

realization of microwave/millimeter wave monolithic

integrated circuits. Indeed, many of the sub-compon-

ents of the transmit/receive module have been realiz-

ed, at least in the hybrid form, and the research is

now directed towards a fully integrated monolithic

circuit. Even when a fully integrated transmit/

receive module is available, there remains the quest-

ion of coupling of the power, to and from free space.

Microstrip radiating elements or some derivatives

of the microstrip[ 1 ' 3 ] element offer partial

solution, in the sense that they can be incorporated

with the monolithic integrated circuit T/R modules.

These types of radiating elements are very attractive

due to their low weight, ease of manufacture and low

profile. However, the major disadvantage of this type

of radiator is the inherently narrow bandwidth (= few

percent).

What is required with MIMIC modules is a type of

radiator which can produce a bandwidth, in excess of

25%. The radiating element should be GaAs or other

semi-conductor compatible, so that it can be simultan-

eously fabricated with the sub-components of the T/R

3



module. Furthermo.-e, it should provide a low profile,

with ease of coapling of power to the MIMICs as well

as making the MIMIC module easy to protect. Such a

radiating element is the semi-conductor dipole, which

is essentially derived from a half wavelength

cylindrical dipole.

2. GENERAL THEORY:

It is well known that a conventional cylindrical

dipole antenna '~nentiaily supports a standing wave

distribution of current. Sucn an antenna is highly

frequency sensitive because its antenna characterist-

ics such as current distribution, antenna admittance

and radiation patterns are strong functions of

frequency.

A travelling wave antenna on the other hand,

supports a distribution of current which is

essentially an outward travelling wave. Only an

infinitely long wire antenna will support such a

current distribution, since there will not be reflect-

ions from the ends to produce standing waves. Such an

antenna is physically unrealizable. The practical

solution to the problem requires that the current on

the dipole decreases with distance, away from the

4



input terminals. After a certain point along the antenna

the current is reduced to a negligible value and

therefore the 6ipole may be truncated, without seriously

affecting the properties of the antenna. The first

notable contribution on travelling wave dipole is due to

Altshuler[ 4 ], who inserted lumped resistors at a

quarter of a wavw.iength from the ends of the antenna.

This cannot be really considered as a travelling wave

antenna with broadband characteristics since the value

and the location of the loading resistor are functions

af Izgeny Ch xo~ ct Cnz. S1n of 4.j 1, i-se" ý

to resistively load the dipole continuously, along its

length. Two cases must be ccnsidered:

(i) Uniform (constant) impedance loading

(ii) Variable inpedance loading.

By resistively loading the dipole along its length, its

efficiency is necessarily reduIced but its bandwidth is

enhanced. Our objective here i s to relate the

efficiency and bandwidth with the resistive loading.

3. FORMULATION:

The theoretical formulatioA of a resistively loaded

dipole are given by King and WuI5] for the constant

5



interrial impedance case, and by Wu and King t6] for

the variable internal impedance case and therefore only

an outline will be given.

The antenna to be analyzed is a hollow cylinder

of length '2h'and radius 'a' aligned along the Z-axis

and centered at the origin, as shown in Figure 1. It

has an internal impedance of Zi(Z) due to continuous

impedance loading and carries an axial current

IZ( 2 ), which is assumed uniform around the periphery

of the cylinder since the radi s 'a' is much less than

the wavelength X. When the antenna is driven by a

delta function voltage Voe at Z-0, the axial

component of the vector potential AZ5 (Z), on the

surface of the antenna satisfies the one-dimensional

wave equation

a2 +k 2) A SM) -() ko- [Zi(Z) I(Z)_Ve 6(%)] (1)0z z w 0
z

where Z i(z)-ri (Z)+jxi (Z) is the internal impedance per

unit length

ko is the free space propagation constant,0 A

and ejWt time dependence is assumed.

6



The vector potential on the surface of the

antenna is given by the potential integral.

-h Z

where K(Z,z') . e-Jk 

I

r

and r - I(Z-2')2 + a 2 11/ 2 and p - 4• x 10-7 H/M.

Equation (2) assumes that the antenna is thin; i.e.,

Koa << 1.

If the thickness of the resistive coating for the

tubular dipole is less than the skili depth d < ds,

then Zi(Z), the internal impedance pur unit length

becomes

zi(Z) - ri ( ) 1 (3)

where a - conductivity of the resistive coating

a a radius of the dipole

d - thicl:ness of the resistive coating

Equations (1) and (2) are now solved simultaneously to

determine Iz(z) for a given resistive loading

distribution of zi(z).
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Once the current distribution Iz(Z) is known,

other antenna characteristics such as the radiation

pattern, the input admittance and the radiation

efficiency can be computed. The input admittance Y

and the radiation efficiency i are related to Iz

through

I (0)y _= (4)---
v e
0

and for a uniformly loaded antenna, the radiation

efficiency

Power radiated
Power radiated + Power dissipated

l I r ) 2/Y] f I Iz(Z) 12. dz (5)

Two specific cases of uniform and tapered (travelling

wave case) loading are now considered in detail.
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3.1 Oniform Impedance Loading:

In the case of uniform resistive loading[5] along

the length of the antenna, the conductivity and hence

the impedance per unit length Zi(Z) will be constant.

The solution of coupled eqn (1) and (2) is then given by:

j2rk o eIz (Z) [sin k(h-g z I)
So d cos_ kh

40 KdRosk
(6)

+ Tu(cos kZ-Cos kh) + TD (cos k Z-cos 1 k h)]

and
yj2k 0  fn kh + Tu(1-co kh)

0 VKdRco- kh
(7)

+ TD (1-cos kh)
D 2 0

where Tu and TD are coefficients defined in King and Wu[51

to- 120r

The complex wave number k is defined by

ka = 1 - 47rZ 1/2 (8)•-j 0 k 0 to[I o •o dR

and 0tiR OdR(O) k0 h < v/2
d *dR (h-X/4) k0h .> i/2

9



h
and (Z) = csc [k(h-I 7 I)] f sin k(h-Iz'I ).

ad dR -h

Cos k r Cos k r
r r 0u] dz' (10)

u

where r = [(Z-Z') 2 + a2 11/2 (11)

2 1/2
r = (h-Z') 2 + a ] (12)

4'dR and k are related to each other in a

complicated manner through equations (8) - (10) and an

iterative scheme is used to compute these parameters.

3.2 Variable impedaaice Loading:

When the impedance Zi(Z) along the length of

the dipole is tapered we have the practical case of a

travelling wave array. In general, solution for

equation (1) and (2) for an arbitrary Zi(z) can be

obtained numerically. However, the practically

important case of a travelling wave has been solved

analytically by Wu and King (6] who show that if

zi to = ( ' i i
z (Z) (13)
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then the solution of equation (1) and (2) is

2w Ve
Iz (Z)= toO4(I - J71ko-T E - L]1 exp(jkj Z I) (14)

where 2 f 2 (1- T-) exp(-JkoZ') exp(- r0r) dZ' (15)
0 0r

and ro (Z'2 + a ) (16)

Again, the other antenna characteristics can now be

computed from the current distribution.

4.0 Semiconductor Dipole

The previous section has considered ways of making

a basic dipole element into a wideband radiator by means

of resistive loading. This section will deal with how

the resistively loaded dipole (either variable or con-

stant) can be implemented in the GaAs technology.L 7' 8 ]

We have defined the hollow tube to be of thickness

'd'. If d << ds, where do is the skin depth, then the

internal impedance per unit length Zi(Z) is well

approximated by

z ) ao(Z))ad (17)
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where a(Z) = conductivity along the length of the

dipole

d = thickness of the resistive loading along

the dipole (d << ds)

From Semi-Conductor Physics Theory, for an n-type semi-

conductor dipole having a concentration of ionized

donors ND and an electron mobility Pn, the

conductivity is given by

a = q - ND (18)

where q is the electron charge. Substituting (18)

into (17) gives the internal impedance per unit

length along a hollow tube, covered with n-type of

semi-conductor dirole of thickness d, as

Z. . N -d (19)

The hollow n-type semi-conductor dipole can now be

related to a planar dipole through the equivalent

radii concept. This technique relates the cross-

section of a non-circular wire to a circular wire of

equivalent radii, by equating their electrostatic

12



capacitances. For example, a rectangular conducting

strip of cross-sectional dimension 'w' and 't', as

shown in Figure 2, can be analyzed in terms of a

circular cylinder of radius a. where a = 1/4 (w +

t). Thus the resistively loaded cylindrical antenna

can now be used to analyze the planar semi-conluctor

dipole, with enhanced bandwidth.

5. Bandwidth Considerations

The bandwidth1 9 ] of the dipole is computed

from its impedance considerations and is defined

here as the half-power width of the equivalent

circuit imqpedance response. For a series type

resonance, the bandwidth (BW) is

BW = dX 2 (20)
wO• •| 1 wo

where Z = R 4 jX is the input impedance at the

resonant frequency wo. This definition ot band-

width implies a standing wave ratio of about 2.4 for

a transmission line of characteristic impedance R

ohms. The derivative in (20) can be evaluated by

calculating the input impedance at two frequencies

near resonance and using a finite difference

approximation.
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6. Computations of Efficiency and Bandwidth

Computer programs were written to theoretically

evaluate the current distribution and the input

admittance for both the uniform resistive loading as

well as the variable resistive loading case. The

results are summarized below.

6.1 Variable Impedance Case:

A X/2 long dipole at 1 GHz with h/a Z 59

(P=9.54) with a variable impedance loading as described

by equation (13) producing a current distribution des-

.y equation (14), produced a radiation

efficiency[I 0 ] of t9%. Clearly, the low radiation

efficiency is unacceptable for a possible radiating

element in a phased array and hence this type of

loading is not considered further. Interesting

applications of this type of loading however, are given

elsewhere 111.

6.2 Uniform Impedance Loading:

A computer program was also generated to

compute the current distribution for a given uniform

impedance loading along the length of the dipole. The

radiation efficiency w"s then computed as a function of

loading (Oi = 2Nri/no). Figure 3 shows a graph

14



of efficiency versus resistiqe loading (4i) for a

varying dipole h/a ratio. The graph shows that there

is a very small variation in the efficiency as a

function of resistive loading.

The input impedance (R+jX) wac also computed as

a function of the resistive loading (i) .for a

given dipole h/a ratio. Figure 4 shows a graph of

the input impedance (resistance and reactance) as a

function of resistive loading for an h/a = 35.6

(W=2 ln (2 h/a) = 8.53) at 42.09 GHz. The variation of

the input impedance over a 110% bandwidth is also

plotted in Figure 4. These curves are used to

determine the bandwidth of the dipoles as given in

Section 5.

Figure 5 and Figure 6 show similar plots but with

an, A. ratio oil ,"4 . 2 %,;4 '1-=11.3), and. j IV. I , % I- 4* 07)

respectively.

The bandwidth of the resistively loaded dipoles is

computed from the input impedance plots and is shown in

Figure 7. The bandwidth is qiven for a different h/a

ratio of the dipole. The results are consistent with

the classical antenna theory of achieving wider

bandwidth from a thicker dipole.

15



7. Discussions of the Results.

Figure 3 and Figure 7 form the basis of our design

curves. Given that a certain radiation efficiency is

required, one could calculate the required resistive

loading from Figure 3. Figure 7 can then be used to

calculate the approximate bandwidth for a given h/a

ratio of the dipole, or vice versa.

For practical MIMIC applications, the resistive

loading must then be translated into the concentration

of ionized donors (ND) through Equation (19). As an

cxamp!e, cns r a tabular dipole of outer radius of

25 pm with a thickness of 2 pm to be realized in a

n - GaAsL 1 2 ] substrate. If we assume

ND • 1018 cm- 3 , with An 3.5 x 103

cm2 /volt-sec, then at 42.09 GHz, we have i = 2.1,

which corresponds to •44% radiation efficiency and the

bandwidth in excess of 52% for each of the dipoles with

different h/a ratio considered. Other combinations are

obviously possible.

16



8. Conclusion:

We have presented some results of a parametric

study of a semi-conductor dipole, which could be a

possible candidate as a radiating element in the design

of MIMICs. The semi-conductor dipole offers wider

bandwidth but at a reduced efficiency. This study has

established the relationship between the resistive

loading (doping concentration), the efficiency and the

bandwidth.
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ABSTRACT

The empirical development of the flared slot or notch antenna for wide bandwidth

operation is discussed along with the endfire and conformal printed circuit designs of this

antenna element type. Array-element and active impedance characterization of three

dual polarized planar arrays of two densities are presented. A conformal aperture design

is also given for a wideband crossed microstrip flared slot.

1.0 INTRODUCTION

Recent research in airborne antenna systems has focused on including multifunction

(radar, Electronic Warfare (EW), Electronic Countermeasure (ECM)) capability into

phased arrays which operate over multioctave frequency bands. Both planar and

confornmal (smart skin) applications of airborne phased array systems are being pursued

with the requirement that they possess horizontal, vertical, and circular polarization

capabilities. Reduced grating lobe requirements at the upper frequencies have driven the

array-element spacings closer, which in turn has reduced the array-element width. Given

the wide frequency range (several octaves) that planar arrays are required to cover, only

endflre antenna elements such as the flared slot (notch) or the log-periodic antenna can

be considered potential candidates. However, log-periodic antennas have inherent

limitations which make them less useful for planar phased arrays. Firm, because the

individual element arms occupy a large portion of the total element height coupling

interaction between adjacent eleine 9 ts is problematic. Second, the necessity of a closely

confined element spacing (area) restricts the low frequency arm lengths beyond the point

of their optimal petformance (half-wavelength). Fortunately, the printed circuit stripline

fed flared slot antenna offers a viable alternative. While the nominal low frequency

27



limitation of a free space half-wavelength in element width still exists, the reduction in

performance at the low end of the frequency band is not as severe. For conformal arrays,

a microstrip flared slot antenna element with dual polarization capability when crossed

can also be used over a multioctave frequency bandwidth [1].

The printed circuit flared slot antenna with a microstrip or stripline feed is a complex

three-dimensional structure which does not lend itself in full to available analysis

methods. This paper will focus on experimental designs and results while pointing out

available design techniques in the literature. In particular, an endfire stripline fed version

of the printed circuit flared slot or notch antenna has become popular and is extremely

useful as a planar multioctave phased array-element. This general flare design is being

used for both endfire and conformal printed circuit antenna elements. The historical

development of the flare design is traced in several antenna and transmission line

structures and the factors that have resulted in the parallel evolution of this design are
considered. The design and performance characterization of three planar multioctave
(6.0 to 18.0 GHz) dual polarized phased array apertures (using endfire stripline fed

flared slut elemients) and a conformal microstrip flared slot antenna element will be

discussed. Trrp

2.0 OVERVIEW OF DEVELOPMENT

The development of the endfire flared slot or notch antenna (in particular the flare)

can be derived from using the results of a transverse slot in an aircraft leading edge,

slotline field containment, rudimentary horn. fin line, and V-dipole designs. While the

esthetic value of the flare is not central to the functional empirical design, examples of

similar manifestations can be found in art and nature (i.e., "Vivaldi" horn, corolla of

Ipornea purpurea).

The notch antenna was developed out of the applications of conformal half-wavelength

slot antennas to aircraft leading edges. The relationship of the standing wave slot antenna

in an infinite ground plane as the complementary of a dipole antenna was given by

Booker in 1946 [2]. The two most common coaxial excitation schemes for this type of

half-wavelength slot are the center fed and edge fed versions. The edge fed slot provides
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better impedance match at resonance [3]. Conformal slot antennas suited for the curved

structure of aircraft and for drag reduction were given by Carry in 1952 [4]. In this paper,

he describes experimental results of axial and transverse slots in fin and wing edges

(leading edges). The transverse slot gave good forward radiation with minimal back

radiation which appeared to increase with smaller lengths and thicknesses of the

streamlined cylinder. As the leading edge angle is reduced, the edge fed element behaves

quite differently from that of a half-wavelength standing wave slot. As the angle goes to

zero, the half-wavelength slot is transformed into a quarter-wavelength opened slot

element with unique characttristics. In a 1955 paper, Johnson [5] describes this opened

slot endfire element as a notch antenna. In his paper, the antenna performance is

described for several notch antennas cut in the top of finite ground plane edges. It was

found that a quarter -wavelength notch yielded broad bandwidth behavior in an edge fed

configuration.

The flared slot antenna can be derived from transmission line structures. Slot line on a

dielectric substrate as a form of printed circuit transmission line was given by Cohn in

1969 [6]. Examining the electric field distribution in a slot transmission line, Reuss, in a

1974 report [7], described a broadband slotline antenna obtained by flaring the

transmission line.

Another development of this type of antenna is derived from the horn antenna design.

The silhouette of the horn given by Carr [8] can be used to derive a low profile printed

circuit version of flared slot. Kerr describes a very broadband low profile antenna which is

also determined from a horn [9]. A rudimentary horn antenna was presented by

Sengupta and Ferris which was developed from the broadband ridged horn [10].

A printed microstrip version of the notch antenna having the form of a flared slot was

given by Monser, Hardle, and Ehrhardt [11]. A stripline fed version of a flared notch

antenna for multiple polarization broadbancl arrays was discussed by Lewis, Fassett, and

Hunt 112]. Gibson used the name Vivaldi after the composer Antonio Vivaldi to describe

a printed circuit wideband flared antenna [13]. A flared slot antenna was also constructed

in a fin line by extending and flaring the printed circuit beyond the housing [14]. This

type of flare design can also be expressed as a V-dipole or (flared dipole) design as

shown in Figure 1.
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FigPre 1, V-Dipole Flare Designs

3.0 ENDFIRE FLARED SLOT (NOTCH) DESIGN

The notch antenna proposed by Carry and Johnson can be realized as a printed circuit

structure as described. The element notch can be etched on the meta!lized side of a

dielectric substrate, and the transmission line which feeds the antenna can be realized as

a microstrip or a stripline feed. A stripline fed doub!e-sided board can be constructed

where the notch is etched on both sides of the ground plane and the open circuited

stripline feeds at a right augle across the slots. In general, the transmission lihe can bc

directly shorted to the ground plane at the end, or left open circuited.

The three principle components which make up the printed circuit stripline or

microstrip flared slot (Notch) antenna are the 50-ohm stripline or microstrip feed, a

stripline- (or microstrip) to-slotline coupling transition, and a flared slot or notch tapered

to provide a wideband impedance match to free space. The first component, the stripline

or microstrip feed, can be determined from standard design equations like those given by

Wheeler 1151, and Cohn [161.

The microstrip or stripline-to-slotline transition is used to couple eneigy from the

stripline to the slotline. Cohn describes the design of a microstrip-to-slotline transition,

where the short-circuited slotline and open-circuited microstrip line end a

quarter-wavelength beyond the crossover point; a 30 percent bandwidth is possible [6].

This type of transition was essential to simplifying the feed design from coaxial to that of a

simple printed circuit design. In this design, the low impedance line acts as a

quarter-wavelength short at the slot and the high impedance slot acts as a

quarter-wavelength open at the line, thereby max:mizing the coupling. If the guide

wavelength is made less than 40 percent of the free space wavelength, the quasi-TEM

fields will be adequately contained and will not radiate giving propagation down the
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slotline guide. Increases in bandwidth of an octave can be produced by terminating the

microstrip line in a radial stub and the slot in a short. This design was proposed by

Robinson [17] in his 1969 paper. Further increases in bandwidths (multioctave) have

been obtained by terminating the slotline in an open circuit and the stripline or

microstripline in a d.c. short to the ground plane [18] or in a radial stub. So far, this

overview has not discussed the characteristic impedances or losses of slotline and its

relationship with microstrip or stripline feed impedances. Rigorous three-dimensional

analysis of this microstrip-to-slotline design has not been done in the literature. More

recent work of Janaswamy and Schaubert [19] have formulated the problem in the

spectral domain and have given characteristic impedance curves for single-sided slotline

on low dielectric substrates.

A characteristically traveling wave antenna is realized by flaring a notch or transmission

line out to provide a smooth impedance transformation from the line impedance to the

characteristic impedance of free space. The term flared slot is used to describe this

element on a printed circuit substrate. The launched quasi-TEM fields of the slotline

radiate when the guide wavelength is greater than approximately 40 percent of the

freespace wavelength. Therefore, the phase center of the point of radiation moves up the

flare with decrease in frequency. This results in a low frequency limit based on element

width. This low frequency limitation in width occurs at a freespace half-wavelength where

a moderate roll-3ff can be obtained down to a tenth of a freespace wavelength. For

shorter length flares (Xo/4-"XEr/4, and widths < X•/2), the possibility of a more

resuitant anttenna exists. A first-order approximation to the gain is given by the directivity

of the element width squared where the gain increases as roughly the square of the

frequency. Modification of the flare shape can result in beam broadening, pattern

shaping, and impedance matching. More discussion on flare design and analysis can be

found in the literature [13,20-23].

With the design evolution of these three components, a stripline fed design with a

printed circuit flare on both sides of the dielectric substrates can be realized, as shown in

Figure 2. This printed circuit endfire element which has a multioctave bandwidth can be

realized into a number of array and phased array applications [12,24-26].
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A

Figure 2. Stripline Fed Flare.' Slot (Notch)
Antenna Element

4.0 PLANAR ARRAY DESIGN AND PERFORMANCE

The design and performance of three dual-polarized planar arrays, an 8 x 8

half-populated square lattice (HPS), an 8 x 8 fully-populated square lattice (FPS), and a

half-populated equilateral triangular lattice (HPT) with close element spacings to reduce

grating lobes at higher frequencies will be discussed. The population refers to the module

density behind the aperture. For half-population there are half the number of active T/R

modules needed behind the array-elements because the elemenus are drivel in pairs.

Full-population refers to each array-element being driven by an active T/R module.

These arrays are used to characterize the stripline fed flared slot as a phased

array-element. This performance is determined in part by the mutual coupling between

elements in the array environment. A short flare length (at low frequencies) was used to

reduce array mutual coupling interactions and to optimize array-element patterns. The

central array-element performance (gain, patterns, and mutual coupling) and active

VSWR with scan are given for all three arrays.

Both square lattice arrays have a rotated square grid with 0.375-inch like polarization

spacings and 0.265-inch spacings between unlike polarizations. Both arrays consist of

eight rows by eight columns of dual polarized elements for a total of 256 radiating

elements. The triangle lattice Is layed out on a 0.433-.inch equilateral phase center grid

spacing. The like polarized elements have a 0.306-inch spacing and an adjacent

overlapping separation of 0.112 inch. These lattice spacings determine the allowable

element width for a given element thickness in the array design.

The array-element used in both half-populated arrays is etched on a 0.04-inch ground

plane spacing (OPS) low loss durcid substrate (Er = 2.2). Half-population is achieved by
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combining, with a Wilkinson power divider, every two like polarized elements into a

two-element subarray as shown in Figure 3. Two orthogonal polarizations (with common

phase centers) are realized by joining (co-locating at 90 degrees) a pair of subarrays

through A mechanical slot cut in the top of one subarray and the bottom of the other

subarray. An absorber load is used to mask the ground plane reflection and optimize the

array-element gain and impedance match. This electrically unique orthogonal

subarray-clement pair, shown in Figure 4, is then used in the square lattices described

above, yielding 0.53-inch in phase center spacing with 128 subarrays in the 8 x 8 array

showAn in Figure 5. The central subarray-element (passive) return loss is shown in

Figure 6 from 2.0 to 20.0 GHz. This same design with the element width foreshortened is

used in the denser HPT array, yielding 0.433-inch equilateral triangular phase center

spacings with 128 subarrays in the array shown in Figure 7. The fully populated aperture.

shown in Figure 8, uses a stripline notch element etched on 0.062 GPS high loss G1O

substrate (Cr = 4.5). The element was designed to fit in the prescribed lattice spacing,

,Irlning . on ,ninpe . le.r-.ent with a width of 0.3 inch. This results in an electrically small

element at the lower frequencies, which reduces the radiation efficiency.

7 " .

Figure 3. Wilkinson Stripline Fed Flared Figure 4. Orthogonal Subarray
Slot HP Subarray Element Pairs Element Pair

In the HPS and HPT arrays, the central subarray-, °merits number 71 and 74 and the

orthogonal subarray-elements number 72 and 73 were measured, r-spectively, along with

the central array-element number 120 in the FPS array for gain and E- and H-plane

patterns. The gains of elements 71, 72, 73, 74, and 120 are shown in Figure 9. The gain

of element 72 with a slot cut in the bottom is approximately 2 dB below that of the

allowable directivity. Triangular subarray-element number 74 nnd 73 gain has a 4 dB
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ripple witi~out the absorber loads in b~etwe-en subairay-elorrtent, pairs. A close-tip view o~f

the central subarray--elements 73, 74, 57, anci 58 itnc We HPT array is shown inl Figi~lc 10

detailing the overlapping eliements. The gain of array-eleu~cnt !20J in the, FPS array is, on

the average, 5 dB below that of its directivity. The majority cf this gain differetnce is a

result of power losses in the element Qubstrate. The embedded E- andJ H.-platte palte.rns

of the arrays. are shown in Figuires 11, 12, and 13 for sub;xnw-ay-eement 71 at 6.0, 12.0,

and 18.0 0Hz, array-element 120 at 7.0. 12.0, and 17.0 '3Hz, ý,nd subarray-eieaený T1l
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at 12 0Hz. Figure 14 bhows the E-plane half-power beamwidths for elements 71, 72, 73,

74 and 120. The H-plane half-power beamwidthis are shown in Figure 15. The F- and

H-plant beamwidths of the UPT subarray-element patterns vary more widely than the

HPS subarray-element beamwidths due to interaction between the overlapping elements.

-7- r-fm-1-r TrT-fl IT- IF

4I.

,. -- Y,. ""t, " /Y.. Figure 9. Array-Element
" A . �',V Gain

o -a. ,":,." /\ ,' .- :"' -•I: " -.- ."

"-4 . AI.... A P- FULAD S.,BAA- -,LEMENT 71
r' " " "E• NALF-PODUIA11O SUSARRAY - ELEMENT 72

-_1 ,A "S FULLY-PC'PULATED SRRAY - ELEMENT 120
.. - ALF-POPULATED TRIANOULAA LATTICE SUBARRAY - ELEMENT 73

SHALF-POPULATED TRIANQU.AR LATTICE SULIARRAY - (LEMENT 74

N.S.0. 12. 14. 11. it.

FREQUENCY4 •LJ?)

Figure 10. Close-Up View of Overlapping
Orthogonal Subarray-Element Pa:.rs in the

HPT Array

The active VSWR ,with scan was calculated for central trray-elements 71, 72, 57, 58,
21 and 120" -: ...i---m..... in-...ln ,•Aa measu.red tnu-m th, ,s.a-ertivt'2 rrvays, The.

mutual coupling measure4rments are made from element to element while all other

array-elements ace termtnated in 30 ohms. This corresponds to free excitation (method)

of the radiating elernent- [27]. ITne mutual coupling from ti-ree elemeat orientations in

the three arrays is shown in Figures 16, 17, and 18. These transmission plots show

couplin•g in the adjaceit E-Plane and H--Plane of a central array-element. Figure 16

shows the E-Plane coupling of elemtmt 71 to element 57, 58 %o 76, and 121 to 106.

Figure 17 shows the H-Plane coupling of elements 71 to 53, 58 to 44, and 121 to 104.

"The coupling in the HPT array is higher in both the E-Plane and H-Plane. The coupling

in the H-Plane is higher than 'he coupling in the L-Plane similar to that of two half-

wavelength dipoles. The orthogonal array-element coupling data is shown in Figure 18 for
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Figure 11. 8 x 8 HPS Subarray-Element 71 Patterns

elements 71 to 72, 58 to 57, and 121 to 120. The orthogonal coupling in the HPT array is

greater at the lower frequencies than the HPS array. Active VSWR is the VSWR of the

element in the active array environment. For an infinite array this would be the active

vSWR a .piesented to the T/R izzuduics by all lic array-elements. The transmission data,

along with the return loss of central array-element, was used to calculate the active

VSWR as the aperture is math',matically activated and scanned over all radiating

half-space. The active VSWR with scan is plotted in sine theta space from 6 to 18 GHz in

0.125-GHz steps over all radiating half-space. The data points are taken in

approximately 3-degree increments for a total of 1961 points per plot. The active VSWR

with scan for array--elements 72, 57, and 120 at 7, 12, and 18 GHz is shown in color

density plots in Figures 19, 20, and 21 with 30-, 45-, 60-, and 70-degree scan volumie

rings superimposed. The active VSWR at boresight is shown in Figure 22. The average

active VSWR at boresight in all arrays from 6 to 18 GHz is below 2.0. The maximum
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number of occurrences for any valye of active VSWR from 6 to 18 0Hz for a 70 scan
volume is shown in Figure 23. The mean, medium, and standard deviation for 71 are

1.94, 1.74, 0.91; for 57 are 2.27, 1.91, 1.27; and for 120 are 2.05, 1.82, 0.87. The HPT

array has a larger occurrence 4f high active VSWR than the other two arrays.
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The stripline flared slot has been shown to be usefiil as an array element when---

increased bandwidth is a requirement. The 8 x 8 HPS and FPS arrays are applicable to

multifunction multioctave phased array, with reduced grating lobe restrictions and dual -

polarization requirements. For the dual polarized arrays, the 8 x 8 HPS array yields better

array-ele ment performance. The 8 x 8 FPS aperture has tighter coupling and lower active

VSWR with scan. Interelement absorber loads provide for array-element optimization of

performance.

5.0 CONFORMAL MICROST1IP FLARED SLOT DESIGN AND
PERFORMIANCE

A flare design can be used along with a microstrip-to-slotline transition design to

construct a conformal printed circuit flared slot antenna element [1,281. Microstrip and

crossed slot antennas with limited bandwidth have been extensively discussed in the

literature [29,30]. A new conformal wideband crossed microstrip flared slot, shown in

Figure 24, having a greater than three-to-one bandwidth, will be discussed. The origins

40



UK.
R 3.6 4.0 0.

3 .2-3 0

S2.9 3 aZ

2. 2.0- i

] 2.1 2-s s.o

] 1.8 - 2.1

U1.0 - 1.4

K.

4) -. 274 Il0'%; Ky

I N
4P 160" 7.0 GHz

00."
K.

M OO

2.8~4 
-.1"5

i2.6 - 1.11

2.L1 -2.3 
1210 GHzS1 . 8 - 2 . 1 1) - 7 0 . :• K y

Fi u 1 r.8 . with Sa7 H

S1.3-1.5 1' :,-, .

J 1.0 -1.3 1.7 -1-,

[] .6-,, !
m 1.4 - 1.9

] 1.3- 1.4

] I0 -1.2 4 - 100"

18.0 GHx

Figure 19. Active VSWR with Scan Subarray-Element 72 in PIPS Array

of a conformal traveling wave flared slot antenna can be found in the literature for flush

Amounted broadband antennas [31,32]. In this design the standard half-wavelength

resonant slot is flared at both ends towards the center where they meet (dual flared slot),

or it can be foreshortened to half of this slot. This type of conformnal flared slot evolved

from a half-wavelength resonant slot design (or stepped slot design) and the general

flared slotline approach to impedance matching.
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The aperture element was built on high loss copper clad GO0 glass substrate. A srossed

flared slot is etched on one side of the copper clad dielectric, and two or four 50-ohm

microstrip lines are etched on the opposite side of the printed circuit board. The two

orthogonal flared slots can be driven 0 degrees and 90 degrees, or two more 50-ohim

lines carn be added to create a four-point feed (0, 90, 0, and 90 degrees) for maximizing

the radiation efficiency as shown in Figure 24 1331. The two orthogonal slots, both beingt-___

a resonant freespace half-wavlelength long at 8.85 GHz, are combined at their centers .
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where a current nuall exists. The two flared slots are, also a freespace wavelength long at

17.7 GHz. A two-octave-plus bandwidth in the slotline coupling response is achieved by

use of a microstrip line terminated in a radial stub fed across a slotline open circuit. In

order to obtain unidirectional radiation, a reflecting ground plane is placed on the side of

the dielectric substrate parallel to the flared slot surface. To cover a broader range of

frequencies, the element was formed into a cavity type resonator by use of standard

design techniques [34] (Figure 25).
10 0 - T - - T I I ' I I I I

go0 - 9 . HALF-POPULATED SUBARRAY - ELEMENT 72 -

* I ~ 7.9FULLY-PPOPULATED ARRAY - ELEMENT 120-
800. . . . TRIANGULAR HAL.F-POPULATED SUtARRAY - ELEMENT 57

s 6010.

3 500 Figure 23. Number of VSWR
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The measured impedance of this element in both its unidirectional and bidirectional

configurations has a well-matched wideband response. Figure 26 shows the return loss of

the cavity backed element from 4.5 to 18.0 GHz. The low frequency limit in element

match has been found to be the point at which the flared slot's maximum width is equal to

a half-wavelength in the dielectric. In this element design, the horizontal or vertical slot

flare opens into the bisecting slot. This gives the slot a flare width equal to the bisected

slot's length. The width and length of both crossed slots show- in Figure 25 is 0.667 inch,

"corresponding to a low frequency limit of 4.17 GFz.

44



CM1: A 5.0 d1l REF - 'J.C dl

r . 7 " i -- i -'j. . •-

I I°, -' ---×-.-1
REF" I ,

, -,,.-

START .4 .046 Ti TOP .16.000 GH-

Figure 26. Return Loss of Cavity-Backed Crossed Microstrip Flared Slot

The measured results of the vertical and horizontal radiation patterns show a fairly

well-behaved response for the cavity-backed element from 2.0 to 18.0 GHz. Radiation

patterns were measured feeding one element port and driving two element ports in the

four-point feed element shown in Figure 25. The H-plane radiation patterns are shown

in Figure 27 at 2.1, 3.5, 4.0. 6.0, 14.0. and 18.0 GHz feeding one port. These patterns

are approximately symmetric, but as frequency is increased to 14.0 GHz, the slot

becomes longer than a half-wavelength and a skew in the pattern becomes visible.

Observing the patterns as the frequency is increased to 18.0 GHz, the skew becomes less

noticeable. This imbalance was believed to be caused by the traveling wave characteristics

of the slot. When the Ht-plane pattern at 14.0 GHz was remeasured feeding the element

at two points (H:0, 0). the skew in the previous pattern was reduced as shown in

Figure 28. The b-plane patterns at 2.0, 3.5, 4.0, 6.0, i2.0, and 18.0 GHz are shimWN ill

Figure 29. The E-plane response from 14.0 to 18.0 GHz exhibits a ripple that is caused

by thf interaction between the slot and the finite ground plane [31.

This microstrip planar crossed flared slot shows promise of being extremely useful as a

conformal dual polarized wideband antenna element for use in conformal array concepts.

There appears to be a compromise between impedance match (as the slot is flared to its

length) and cross polarization level. The skew in the H-plane at upper frequencies is

caused by a traveling wave due to a slot width greater than 0.4 ?,.f and a length greater

than Xf. This skew was reduced by using a four-point feed design. The flare can be

optimized to provide maximum match with minimum cross polarization levels.
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Figure 28. Cavity-Backed Crossed Flared Slot H-Plane Pattern at 14 GHz (Both

Ends of Linearly-Polarized Slot Fed 0',00)

6.0 FINAL CONCLUSION

Printed circuit flared slots, both cot~formal and endfire, are becom.ning more useful for

phased arrays requiring reduced grating lobes and multioctave frequency coverage with

dual polarization capability The design history has involved experimental insight and

evolving analysis techniques. Future three-dimensional analysis methods are needed to

model these complex printed circuit antenna geometries.
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A B S T R A C T

POWER HANDLING PRINTED SUB-ARRAY FOR WIDE BANDWIDTH SCANNING
ANTENNA ARRAY

This paper presents the pattern and gain characteristics of a printed
sub-array radiating element over a 4 to 1 frequency band.

We present the power handling capabilities (130 W C.W.) and the
technological choice for designing this radiating element.

The purpose of this study is to design a vertical polarization radiating
element with size limitation compatible with a H-plane scanning array of
+ 500.

Tho radiating element consists of four stripline notches fed by a corporate

power divider structure.

The basic cell of the corporate feed consists of an in-line compensated
three port power divider designed in two different technologies

- stripline with air dielectric substrate,

- stripline with 0.8 mm PTFE dielectric substrate,

Finally we compare the performances of this radiating element to the
performance of a H-plane sectoral horn of the same size.
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1 - INTRODUCTION

Many small phased array antennas with vertical polarized radiators
must be based upon the following considerations :

- The bandwidth is close to two octaves with a VSWR less than 3 ; 1.

- The azimuthal size of the element is small enough to have reduced

transmit grating lobes with an H--plane scanning of + 50'.

- The elevation size of the element permits a minimum field
of view of 200 (in the E-plane).

- The power handling capability (130 W CW) meets system requirements
using mini TWT's.

- The physical construction of the Duroid radiator with aluminium
structure is able to withstand environmental conditions (thermal.,
shock and vibration .. ).

2 - DESCRIPTION OF THE MODEL

Figure I shows a photograph and a block diagram of the experimental

sub-array radiating element.

The radiator consists of four stripline notches using a modified
klopfenstein taper on the flared slot.

The printed sub-array fed by a corporate power divider structure is
mounted in a mechanical support used as heat sink.

55



NE. 334.319 4.

2.1. Corporate feed

The severe volume constraints, imposed by the close element spacing
in elevation and the requirements in terms of power
handling and bandwidth, have necessitated special care in the
design of the power distribution network.

The basic cell of the corporate feed consists of an inline
compensated three port power divider.

Figure 2 shows the basic cell in stripline technology with
air/dielectric medium. VSWR and S12 (TRANSMISSION COEFFICIENT) are
also presented from Fo to 4 Fo.

Figure 3 shows the basic cell instripline technology with 0.8 mm
Duroid dielectric substrate.

VSWR and S!2 (TRANSMISSION COEFFICIENT) are also presented in the band
Fo to 4 Fo; Finally we have designed the 'four way power divide, uAing
both technologies ; the input connector arid the by-pass connection
use coaxial lines with TFE reinforced by boron nitride.

2.2. Radiating element

The basic radiating element of the sub-array is the stripline notch
antenna designed by coupling a strip transmission line to two outer
conductors, etched on the opposite sides of the 0.8 mm thick boards
supporting the notches.

Figure 4 shows the printed sub-array formed by four identical notches
printed on a single circuit board and using a modified klopfenstein
taper on the flared slot.

With this configuration, the E-plane line array is optimized in
VSWR on each radiating element embedded in the array (passive VSWR).

Figure 5 shows the passive VSWR of each element from Fo to 4 Fo.

Figure 6 shows the E and H plane co-polarization pattern of center
element at 1.3 Fo ; 2.4 Fo and 4 Fo.
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2,3, Sub-array results

The assembly of the four printed notches with the corporate feed was
manufactured using a common case with by-pass connection in high
temperature coaxial line.

Figure 8 gives the VSWR of the sub-array constructed, in the band
Fo to 4 Fo ; it was necessary to match this new radiating element
by defining an active compensation of the notches.

Figure 9 shows the temperature raising of the case versus the input
power of the sub-array at about 3.3 Fo with steps of 25 W CW every
30 mn for an ambient temperature of 250 C.

Figure 10 shows the E and H plane co-polarization pattern of the
sub-array at i.1 Fo, 2.4 Fo and 4 Fo.

Finally figure 11 gives the gain, and the 3 dB beamwidth of the
sub-array at 1.1 Fo, 2.4 Fo and 4 Fo.

3 - COMPARATIVE RESULTS

We have manufactured an H-plane sectoral horn fed by an in-line adaptor
TNC coax. to WRD (3.6 : 1). This partially compensated horn has
comparable dimensions. it can be used as a radiating element of an E-plane
phased array for a scanning up to + 500.

Figure 12 shows the comparative efficiencies of both radiating elements.

4 - CONCLUDING REMARKS

The feasability of a compact power handling printed sub-array over
a two octaves bandwidth has been demonstrated.

We have to experiment this radiating element in an H-plane array.
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PRINTED CIRCUIT ANTENNA DESIGNS

Daniel A. Mullinix, ILt, USAF and Paul M. Proudfoot, 2Lt, USAF

Rome Air Development Center, Electromagnetics Directorate

Hanscom AFB, Ma 01731

ABSTRACT

This paper is a summary of some of our current work in both broad-

side (conformal) and endfire printed circuit antennas. Many models

exist for the design of conformal printed circuit antennas.

The most complicated of these may take weeks or even months to

develop and progranm. This paper will show that a simple transmission

line model combined with segmentation methods can be used to predict

the resonant frequency and input impedance of a surprising variety

of elements with fair accuracy. Design equations, measured data

and radiation patterns will be presented for stagger tuned elements,

dual and circularly polarized inset feed patch elements, and even

a circular patch modelled using rectangular segments. Measured

daLa will be used to provide a feel for tie rtdtge ovCL which this

mo,'el is a viable design candidate. We will also present additional

measurement data (i.e. crosspolarization patterns, frequency depen-

dence patterns and substrate selection information) on the printed

circuit dipole presented in the 1986 proceedings by Rees and Edward.

1.1 STAGGER TUNED RECTANGULAR PATCH

It is an extremely well documented fact that conventional

microstrip patch antennas are narrow band. The average bandwidth
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of a microstrip patch is about 4% and bandwidths up to 10% can be

achieved by increasing the electrical thickness of the substrate.

However, the use of thick substrates in arrays Is complicated due

to the excitation of surface wave modes. We chose to model a stagger

tuned element [i] because it promised an increased bandwidth over a

standard rectangular patch for the same substrate thickness.

A stagger tuned patch with an inset coplanar feed line is shown

in figures 1 and 2. It has an overall length and width of A and B

respectively. The conductor thickness is T and the patch sits on

top of a substrate of thickness, H. The length and width of the

stae2er tuned section is SL and SW respectively. In the transmis-

sion line model, this antenna is modelled as 3 slots (re. Fig 2)

located on the edges of the patch perpendicular to the feedline.

These slots are then connected to the feedpoint through the patch,

which is modelled as sections of microstripline of width A and SW.

The slots are assumed to have lengths (A-WI), (A-SW) and SW respect-

ively. Harrington gives the admittance of a narrow H-plane slot

as [2:183]:

Yaw rA/Xo (l-k 2 H2 /24) + JA/XAo [3.135-2 £n(kH)] (i

Gs +jBs

where A is replaced by (A-WI), (A-SW) and SW for the admittances

Y8 1, YS2 and YS3 of slots I, 2 and 3 and no- 377a is

the impedance of free space. The main and stagger tuned sections

of the patch are modelled as sections of microstripline of width
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A and SW. Their admittance is given by Schaubert et. al. as [3]:

Yp- .e/ ro[A/H + 1.393 + .667 £n(A/H +1.444)1- 1  (2)

where Ce - (Cr + 1)/2 + ( Cr - 1)/(2 VTT+T-0HT)

where A is equal to A for the admittance of the main patch section Yp

and A - SW for the admittance of the stagger tuned section Yps.

In a patch such as this, the input impedance varies from a high

value at the edge (approx. 200 11 ) to zero at the center. It is not

always convenient to use such a high impedance line. To use a feed-

line with a lower characteristic impedance ZO, we move the feedpoint

inward from the patch edge by cutting two short slots parallel to the

fedline as shown in figure 2, thus forming an inset feed. Then the

admittance of all of the radiating slots is transformed to the loca-

tion of the inset feed. Thus the input admittance of the patch is

given by the equivalent circuit of figure 3. In equation form, the

admittance at the intersection of the main patch and stagger tuned

section is:

N2 mY p,[(eJkX3 + r 3e-jk£3)/(eJkI3 - r 3e-jkL3)] +Ys2 (3)

and therefore the admittance of the open circuit side of the patch is:
Y0 a Y p[(ejkt2 + r2 e-JkZ2)/(ejk2 -r2 ejkL2)] (4)

where r 3 - (Ys 3 - Yps)/(YS3 + Yps) X3 - SL e

r2 - (Y2 - Yp)/(Y 2 + Yp) , £2 - (B - D - SL) FTce

similarly, the admittance of the feed side of the patch is:

YfS , Yp [( iktl + rI e-jktl)/(ejktl -r e-jkýl)] (5)
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where rl - (YsI - Yp)/(YsI + Yp) , I D -e

Using Euler's relations,

Yfs - Yp GI cos(k2. 1 ) + J[B1 cos(kk1 ) + Y p sin(ki 1 )] (6)

fYp cos(kZ1 ) - B1 sin(ki, 1 1) + j G1 sin(kk1 )

Y - Y G* cos(kL2 ) + j[B2 cos(kk2 ) + Yp sin(kk2 )] (7)

[Y cou(kL2 ) - B sin(kX2 )] + J G2 sin(k22 )

where

G2 + JB2 = Y2 (8)

"G2 + JB2 + Yps G3 cos(kX3 ) + J[B3 cos(kk 3 ) + Yps sin(k£3 )]

[YpS cos(kX3 ) - B3 sin(kk3 )] + j G3 sin(kk3)

Yin is then:

Yin w Yos + Yfs (10)

where G1, G2, G3, BR, B2 and B3 are the real and imaginary parts of

the slot admittances using eqn. (I). Figure 4 is a plot of patch

input impedance vs. B/A and figure 5 is a plot of patch input

impedance vs. inset depth D. To determine the correct patch

dimensions for a given resonant frequency and input impedance,

we set D = 0 in eqn (9) and make successive guesses at B until

the imaginary part equals zero. A good initial guess is

B - .49 ),o/ -v r" Next, we adjust D until the real

part equals the feedline characteristic impedance. A good

initial guess for D is givenby Carver and Mink [4) for a rectan-

gular patch as:

D - (B/7r) cos~I [Ro/ /R7] (H)
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where Ro0 %quals Zo, the characteristic impedance of the feedline,

and Re Is the edge inpuc resistaace of the patch without an inset

feed. It is also necessary to apply a length extension since

'ringing fields cause the radiating slots at the patch edge to

appear electrically some small distance beyond the edge of the

patch. Hamwerstadt 05] gives a very good approximation for

apparent lengtn extension oi an open circuited microstrip tians-

mission line an,

b2 = .412 H ce + .3)(WI/11 - .264) (1I)

( Ce .?".&(W/H + .8)

Our model was modified to al-counm for Lhiý, effcci b U-L: L

I = D Ve + AW/2, L2 = (B - ) -) L) 'c~ + A£12

and t3 = SL v7•e+ A0/2.

1.2 STAGGER TUNED PATCH ANTENNA TEST RFS[LTS

In order to ensure a fair comparison of this latch to a standar--

rectangular patch, we used the same substrate material, conriector•',

and design frequencies that we used in the rectangular patc1h stud,-

[6]. In addition, the measurement equipment and calibration

procedures were identical for each study.

Eight individual patch antennas with resonant frequencies

between 2 and 18 GHz were constructed and tested. Figure 1 is a

photograph of one of the antennas. The substrate used for this and

the previous study was 1/16" thick FR4 epoxy-fiberglass with a

relative dielectric constant of 4.4 and I-oz. (T=.O014") copper
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cladding. The length and width of the stagger tuned section

was chosen as 14% and 42% of the elements total length and width

respectively. Figure 6 shows the model error between design and

measured resonant frequencies for an original model and the

modified model presented in this report which uses the effective

dielectric constant and lammerstadt's length extension.

The modified model was very accurate for all frequencies used in

this study.

Just as the resonant frequency measurement is a direct test of

the model's accuracy in predicting the patch length, B, the return

loss measurement tests its accuracy in determining the feed point

location D. A sample return loss measurement for one of the stagger

tuned antennas is shown in figure 7. To this measured return

loss, we must add the two way attenuation in the microstriplLne

b:tween the network analyzer test port and the antennLa's feed point,

since that attentuation will tend to make the antenna's reflection

coefficient appear smaller than it actually is. Figure 8 shows

the loss per inch that we measured in a microstripline constructed

on the same epoxy-fiberglass material as the antennas. The procedure

used to measure the loss is documented in [7]. Figure 9 shows the

corrected return loss vs. measured frequency for each of the eight

antennas where the correcte& return less is the measured return

loss corrected for the two way attenuation In the microstripline.

All of the antennas had very good return losses (>20db) which
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indicates: one, the depth of the inset feed is neither significantly

inductive or capacitative since the feed point impedance is totally

real, and two, the depth of the inset feed corresponds to a close

impedance match with the 100 ohm feedline.

The E and H-plane patterns of the 8 GHz stagger tuned patch shown

in figure 10 are typical patterns. A six wavelength (at 4 GHz) ground

plane was used with the antennas to eliminate possible errors due to

radiation from the substrate edge. With the addition of the ground

plane, the characteristic periodic ripple associated with radiation

at the edge of the ground plane in the E-plane of the patch becomes

apparent and the periodicity of the ripple Increases with frequency

as it should. There is some irregularity in the E-plane pattern

due to the edge launch connector.

The bandwidth for the eight individual patches is calculated

between the 2:1 VSWR points of the corrected return loss measure-

ment, and is shown in figure 11. The increasing bandwidth with

frequency is due to the increasing electrical thickness of the

substrate and is within the bounds we would expect from calcu-

lations by Bahl and Bhartia [8] on standard rectangular patches.

From figure 11, you can see that although the measured bandwidth

of the stagger tuned patch was generally greater, it was only by

a small amount and not nearly the amount we had hoped for.

2.1 DUAL POLARIZED SQUARE PATCi!

A dual polarized Inset feed square microstrip patch is shown
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in figures 12 and 13. This patch was designed for a second genera-

tion dual polarized phased array for bistatic radar where one of

the polarizations is probe fed and the other polarization is fed

using a corporate microstripline feed. The substrate material for

this effort was 1/16" thick OAK-602 with an 6r of 2.5. To design

this patch we assumed symmetry and used the same equations as in the

stagger tuned patch except only two radiating slots. We expect the

patch to radiate lower than the design frequency because the inset

feed in the plane of the patch that is orthogonal to the polarization

being fed 1, ngthens the current path between the radiating edges of

the patch.

2.2 DUAL. POLARIZED PATCH TEST RESULTS

Nine individual dual polarized patches were built with operating

frequencies between 3 and 10 GHz. Five of these patches were built

in the 3.0-3.25 G•z range since this was the frequency at wlich the

bistatic array would operate. The rem3ining four patches were bvilt

at approx. 4, 6, 8 and 10 GHz to test the patch over a wider range of

frequencies and substrate parameters. All of the patches except one

resonated between seven and nine percent below design frequency

as shuwn in figure 14. This figure also indicates that the difference

between the orthogonal polarization resonances was small enough that

the bandwidth was ulaffecLe• The corrected return losses, patterns

and the performance of the patch in general were good for the lower

frequency patches but deradec tor the higher frequency patcaes
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probably because the width of the microstripline does not scale

and thus the corner of the patch between the feedlines becomes

isolated from the rest of the patch, hence changing the mode structure.

Dual polarized patterns shown in figure 15 are typical of the lower

frequency patches and have an axial ratio of about I dB.

3.1 CIRCULARLY POLARIZED PATCHES

Two different versions of circularly polarized square microstrip

patches are shown in figures 16-17. Version 1 achieves circular

polarization via a 90 degree hybrid corporate feed network and version

2 achieves it via an integrated diagonal slot in the patch [9]. The

goal of this effnrt is a mnodl with ennugh accuracy to builld a nntch

for given frequency and substrate parameters in one or two iterations.

In light of this, the two slot transmission line model used for the

dual polarized patches will be used to model both versions of CP patches.

3.2 MEASUREMENTS

Three hybrid patches and three slot patches were built between

4 and 12 GHz on 1/16" Epoxy FR4, 8 r - 4.4. Two of the three hybrid

patches resonated between 6 and 8 percent below the design frequency

as expected and had 18-25 dB return losses. However, the diagonal

slot patches all resonated slightly higher than expected which is

contrary to the results presented by Kerr [9] on a similar patch

without the inset feed. This informati , and later radiation

patterns that had a 25 dB axial ratio indicate that the inset feed

is an unacceptable asymmetry. Radiation patterns for the hybrid
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Figure 17. Circularly Polarized Slot Patch
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design were fairly good at 3.7 GHz (figure 18), but were increasingly

degraded for the 8 and 12 GHz patches no doubt due to the same

isolated corner problem as found in the dual polarized patches.

4.1 RECTANGULAR SEGk- ,-T MODEL CIRCULAR PATCH

The circular patch that was modelled is shown in figure 19.

The patch contour was modelled by rectangular transmission line

segments as shown in figure 20 where the radiating slots are located

as shown in figure 21 (the inset feed design in figure 21 was abandon-

ed because the input impedance was complex). Figure 22 shows the

equivalent circuit of the m3del. In equation form, starting from

the open circuit side of the patch at segment N and working toward

the feed, we have:

Ym " Ypm[(ejkLm + r(m+,) e-JkLm)/(ejkLm - r(m+l) e-JkLm)] + Ysm (12)

for 2 4 m < N

where rm - (Ysm - Yp(m-l))/(Ysm + Yp(m-l)) , m - N+l

rm - (Ym - Yp(m-l))/(Ym + Yp(m-l)) , 2 < m 4 N

and finally,

¥in Ypl[(ejkLl + r 2 e-JkLl)/(ejkLl - r 2 e-JkLl)l + Y9l (13)

where Y. and Yp are defined by eqns. (1) and (2) respectively and Lm

is equal to the length of each individual segment divided by the

square root of Ce for that segment. Note that the effective

dielectric constant is different for each segment depending on the

segment's width. Again, to determine the correct patch dimensions

for given frequency and substrate parameters, the radius of the
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patch A is successively changed until the imaginary part of eqn. (13)

equals zero.

4.2 TEST RESULTS

Four patches like the one shown in figure 19 were built on 1/16"

thick PTFE with an Er w 2.5 over a range of 4-12 GHz. The corrected

return losses of all of the patches were quite good (>18 dB). Figure

23 shows model error for the various segment models. Model accuracy

improved as expected with an increasing number of segments to a point

after which large increases in the number of segments made little

improvement to the accuracy. Fringing fields at the edges of the

patch make the patch electrically larger than it is. A radial length

extension is required to compensate for this. Bahl and Bhartia give

a radial length extension for their cavity model as [8:90]:

Ae - A [1 + (2H/AMr)(en(TrA/2H) + 1.7726)]1/2 (14)

In this transmission line model, the slot admittance Ys partially

compensates for fringing fields hence making the required length

extension less than the extension required in a cavity model, hence:

Aeff - A + . 3 5 (Ae - A) (15)

This equation resulted in model errurs of less than 1% for all of

the patches tested.

5.1 PRINTED CIRCUIT DIPOLE

The printed circuit dipole presented by Edward and Rees [10]

consisted of a flat radiating dipole integrated with a double

tuning balun. This effort discusses additional pattern measure-
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ments and substrate selection for this element. Antenna patterns

(inc'-.!:ng cross-polarization patterns) will be presented at several

frequancies over the operating band of the element.

Figures 24 and 23 show the dipole/balun geometry along with the

coaxial equivalent circuit. In this circuit, the dipole input imped-

ance is simply represented by a complex value Zd. By inspection

of the circuit of figure 25, the input impedance Zin can be expressed

as [12]:

Zin = -j Za cot(Oa) + I Zd Zab tan(eab) (16)
Zd + Zab tan(Oab)

whPrP ZA. Oa. Zab and Bab are the characteristic impedance and

electrical length of the microstrip and coupled microstrip lines

respectively. By judicious selection of the parameters Oa and

Bab (I.e. the open end length and slot selection) ir. eqn.(16),

one can achieve an impedance match over approximately a 40% bandwidth.

5.2 SUBSTRATE SELECTION

Selectiag a suitable substrate is a c, itical sitep !a the dd•pC,/

balun design. Once a substrate is selected, the designer has very

little freedom to vary microstrip and coupled microstrip line widths.

In the balun structure, the coupled microstripline acts as a ground

plane to the microstripline (see figure 24). Note in this figure

that virtually all of the fields heneath the microstripline of

width W are contained within 3W [Il]. Therefore, the width of the

coupled mincrostripline irnist bo geater than 3W. SInce there are

two coupi ed 1 ,les. the d ,,11('!u- o iu 'i (ff •Ig •', 2 ) ) tsz he- grc-ater
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than 6W. This transverse dimension B is now a major limitation

to both the upper value of ZaD and to the maXimum frequency for

which a dipole can be fabricated un a particular substrate. For

example, the dipole length L is approximately .43 Xo or .42"

at 12 GHz. Clearly, this dipole could not be put on a substrate

that yields a dimension B equal to .6", because the two coupled

microstriplines would be wider than the dipole. In order to keep

all dipole/balun dimensions in porportion, it is suggested that

.4L < B < .5L. Finally, a substrate shold be selected such that

H/A9g < .1 to iasure that the equations used in determining Za,

ea, Zab and Oab will yield accurate results.

Five dipoles were designed, fabricated and tested. The dipoles

range in frequency from 2-18 (;Hz. Three different substrates were

used to cover this frequency range. The 2, 4 and 4.3 GHz dipoles

were fabricated on 1/16" thick PTFE ,•ubztrate with an Er of 2.54.

A 15 GHz dipole was fabricated on .02" PTFE with Er = 2.2 and a

6 rHz dipole j.q. Fbricrtred nn 1/16" .ponxy, r 4.4. T, k-Pp

this portion of the report short, only the results of the 4 GHz

dipole will be presented. However, these results are typical of

the other four dipoles that were tested.

5.3 ANTENNA PATTERNS

Figure 27 shows the 4 tHz dipole mounted o014 above a 16"xb1"

aluminum ground plane. It was noted while taking patterns that there

should be good electri-ca, contact between the alumlntm ground plane
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and the substrate's ground plane. Patterns wKI.l be moderately

degraded if this precaution is not ,dhered to. Also, a metal housing

was used to enciose hardware lcci zed behind the aluminum ground

piano. This eliminated any contributions to the antpnna pattern

from spurious radiation emitted by the feed line and coax-to-

microstrip transition. Patterns were first taken of the 4 WHT

dipole at the upper and lower end of the operating band to

determine any frequency dependence of the patterns. The results

are shown in figures 28 and 29. In comparing these figures note

that the E-plane petterns became slightly broader as frequeni: IF

increas, from 3.6 to 5.n GHz. especlallv when the antenna is

rotated aore than 40 deg-ees from broadside. The o-ly explanation

for this seems to be that radiation from the d!. ole/rbilun config-

uration is more complicated than just that of the dipole itself.

From the patteins taken, it was felt that radiat ion from the open-

ended microstripline accounts for a good portion of the change

in dipole patterns with frequency.

5.4 CROSS-POLARIZATION PATTERNS

Cross polarization patterns were taken nexc; the results

are shown In figure 30. The tren-d here was two small lobes

approximately 20 dB down occuring at +70 degrees from broadside

in the !H-pline an! a single lobe aproximately 15--20 dB down okncuring

near broadgide in the E-plane. All dipoles tested exhibited similar

cross-oolarizartion pit-tt us.
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Figure 27. 4 0Hz Dipole Mounted above a Ground Plane
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Figure 28,1. F-Plane Dipole Pattetrn at 'i.. CI1.z



6.0 CONCLUSION

Six different types of antennas were designed, fabricated

and tested in this paper. Five of these were successful from

an operational standpoint with only the inset feed diagonal slot

CP patch failing to maki the grade. The segmentation transmission

line model was very accurate in predicting the resonant frequency

of both the stagger tuned and circular patches. The orthogonal

inset feeds of both the dual polarized and CP hybrid patches caused

these patches to resonate lower than the model frequency. However,

the amount that they resonated low stayed fairly constant since

the design input impedance was the same for all patches. This means

nIbir des i n curves can be . ... ,LdLeU C- toe ..... thU M

number of iterations required to build a future patch for a specific

frequency and substrate. This is important since these patches would

be very difficult and time consuming to model using more precise models.

The amount that the patches resonate low is a function of inset depth

and therefore input impedance. Hence, the isolated corner problem

of the higher frequency patches can be avoided by scaling the input

impedance as the frequency is scaled up.

Aaditional information was presented on the Rees and Edwards

printed circuit dipole. Antenna patterns show slight frequency

dependance. Simi le, easy-to-use design equations were presented

that lend themselves nicely to computer-atded design. This element

has many applications as a broad-band, low cost and lightweight antenna.
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A STUDY OF THE PROPAGATION AND
RADIATION CHARACTERISTICS OF TAPE

HELICAL STRUCTURES

Andrew F. Peterson, Bruce Greene and Raj Mittra
Electromagnetic Communication Laboratory

Department of Electrical and Computer Fngineering
University of Illinois

1406 W. Green St.
Urbana, IL 61801

ABSTRACT: The characteristics of a helical geometry consisting of a tape helix

separated from a concentric coaducting core by a dlielectric substrate are

investigated. Assuming an infinitely long strlcture and an e-jiz dependence in all

field components, the axial propagation constant [ can be found as a complex root

of the deteirmirantal equation describing the boundary vaiwe problem. The k-P3

Ciagrarn of [he helix provic i information regarding the real-valued solutions for [i

that repiesent true axial propagation, as well as the complex-valued solutions that

represent surface waves and leaky waves. Under the ass-mption that these saie c

solutions exist on a finite-length structure, the current distribution and radiation

pattern corresponding to a given P are obtained. The relationship between the

complex-valued propagation constant and the resulting radiation characteristics will

be discussed.

i INTROI)UCTION
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Although it is difficult to rigorously analyze wire helical structures, the propagation

characteristics of infinitely long tape and sheath helices (Figure 1) were studied
during the 1950's by Sensiper [2], Watkins 131, and Hayes 141. Assuming an e-JP"

dependence in the field components, these models were used to generate the k-.3

diagram depicting the dispersion characteristics of the structure. In the 1960's, the
existence of complex-valued solutions for P3 were discussed by Mittra 151 and

Klock 16], who showed that helices support surface and leaky waves in addition to
bound waves representing unattenuated axial propagation. The complex-valued
solutions for P were subsequently used to study the leaky-wave radiation

characteristics of helical antennas [7-9].

The work described above was limited to helices in free space, alti~ough the

sheath helix with a concentric conducting core is discussed by Neureuther, Klock
and Mittra [71. They considered the case where the substrate medium is identical to
The external 1X1CCII I. tllel Il .tlAlal tU.LLU-- :stL.., L.&u.t LJIV•AI ,rC-, ga L.-kA, 1- T,,,,-, i"A

Ganchev, who considered a ferrite-loaded sheath helix with a concentric conducting

core [101, and by Basu, Pal, Singh, and Vaidya, who c, isidered a sheath helix
with a concentric diele( tric support [ 11.

In the present paper we consiJer a tape helix separated from a concentric

conducting core by a dielectric substrate (Figure 2). In order to study !lie effect of
the substrate and conducting core on the radiation characteristics of the helix, the k-
13 diagram is generated from the solution of the determinantal equation derived in
S. 'cdon 2. Section 3 describes the interpretation of the complex-valued propagation
constants 13 by considering the fields in terms of a superposition of Fourier

harmonics. Aithoutgh the helix is basically a slow-wave device, and most of the
harmonics represent non-radiating surface waves, typicallY one of the oiourier

hamnonics exciles a radiating 'eaky wave. Expressions for the r6diated fields are
developcd in Section 4. Numerical results are prese.a,'i. in Section 5 to illustrmt2 ihe

dependence of the k- [ diagram an! the radiation pattern on bs..io-;1te permittivity

uld corte size.
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Figire 1 ,henth and tane models for the helix. The sheath model consists of

an anisotropic conductor, so that current flow is re 'tricted to the

desired direction as defined by the pitch angle Ni. a) Sheath helix.

b) Tape helix.

a

pi,-,h

Figure 2. Helix with concentric conducting core.
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2. DETERMINANTAL EQUATION FOR THE TAPE HELIX

Consider a tape helix having a concentric conducting core such as depicted
in Figure 2. The tape helix is located at p=a in a cylindrical coordinate system and

the surface of the conducting core is located at p=b. A substrate material different

from free space exists between the helix and the core (b<p<a). The tape width

along z is denoted 5, and one period along z is known as the pitch p (Figure Ib).

"[he centerline of the tape is defined by

x = a cos 4 (1)

y = a sin (2)

"-'• ~(3)

Note that the tape helix is periodic in both 0 and z. This suggests that the

fields in the vicinity of the helix can be expanded in a Fourier series. However, a

translation along z followed by a rotation in 0 maps the structure onto itself. To

account for this symmetry, it is convenient to introduce the variable 4, where

(4)

The location of the tape as a function of the variable r is

2< < (tape)

6 6
"5"< ý < I "(gap)m
-- -y p)(6)

Nute that thc geometry i also periodic in •.

I (W



We seek a solution having z-dependencc eJi3z. In a homogeneous, source-

free region of space containing z-components of electric and magnetic fields of the

form

Ez(p,O) e--jpl,(7

H ,(p,O) e-j' (8)

the remaining field components are given by

--j p I aE, jo DH,
EO k 2_0 2 p + k2_P 2 aP 

(9)

-jow ý)E -Jp i aH,

k k 2_p 2 p ao (10)

-j[3 aE, -jcop. 1 aHz
Ep- 2• + k22 P3• (l

,, ~ - - L+ -- 7H = j0• 1 DJE,. _-_-j____H

k 2 _ 02 oq k2-132  aP (12)

In the region b<p<a, the fields can be expressed as

E { [An I1(T,11p) + B:,.Kn(•.c,,)I e' e

(13)

S Cnl. r-•.,.p) + .,K,(r.,p)l e

["- • (1-)
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E 2 nA 14(tcnp + BnK 11('InP) I

I - L cnP

+j {C, I'(TcnP) + D Kn'(tcnP)l e-jnTll' (15)

HOjcD I AlI,(ýp nn(cP

2 K
tCenP JJ(16)

P= +n 2nt(7

C2n = 2 2

n - k 4r~r(8

P1r a~nd er are the relative permeability and permnittivity oi the substrate, and In and
Kn. represent modified Bessel functions. In the region p~a, the fields have the form

n= {X-. K(- 0 1p (19)

TE

ný- (20)

I to)
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nn K (t0 cp) 2T-

[ 2 n Kn((tnP) + "o n n'(onP) e P
• -on on P (21)

j.O:o -- ý11

4,LD',FK( e-np• e-JP7zTon- Fa Kn(T~nP) 1 Fn Kn onP)L -f(,n P (22)

where

2 2 2"Ton= Pn,-k (23)

To construct a dispersion relationship in the form of a determinantal

emqntinn for R we firit an•iie a form for the current density on the tape and solve

for the field coefficients appearing in the above expression in terms of the current

coefficients. Componrnts of current paralicl and perpendicular to the direction of

the tape can be defined in terms of the pitch angle V (Fil-ure 1) to produce

J±= J, cos 0 - Jo sin v (24)

J 1= J, sin y4 + JO cos 't (25)

Previous studies 12-3,5-61 have assumed a constant 'ransverse dependence for the

-urrent density, i.e.,

Ji 0 (26)

JI' Je T• 7T <<71

0 otherwise (27)

The narallMl cor ,cr1otiC l Can N- cxpr, sdI im ltnis of' aI ourtier ex Insioll JIS

tIt



Jln = n-jn-L- e-Jloz
n=- (28)

where

in - 6
p

Pn (29)

and Pn is defined in Equation (17).

The tangential electric and magnetic fields must satisfy the boundary

conditions

E,(p=b) = 0 (30)

Eo(p=b) = 0 (31)

Ez(p=a-) = E,(p=a+) (32)

E,(p=a-) = EO(p=a÷) (33)

H,(P=a÷) - H,(p=a-) = -Jo = -Jcos CO (34)

H,(p=a÷) - HO(p=a-) = J3, sin V (35)

Enforcing these conditions produces the system

[1 Ž



[Tb Kb 0 0 0 0 An-

10 0 Ib' Kb' 0 0 Bn

fil -fK -~ " f-2 K' f3K~, f4K0,' Dn 0

0 0 -1 -K 0 KO En -JnCOSyf

L -- fI 5K' f1l fjK f6K,' -f 3K0 [F - (36)

where

K Kn(Tcna) (38)

Kb =K,,(T~nb) (40)

Ko = KnflTona) (41)

nn

TC..a(42)

f2  j Wtccn (43)

2
-To11  (44)

t"4 J111
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Tcn (46)

i w,

and primes denote differentiation with respect to the arguments of the modified

Bessel functions. For each pertinent value of n, Equation (36) can be solved for the

six unknown coefficients in terms of Jn. To find the complex-vatued propagation

constant P, we enforce the additional condition that the E-field component parallel

to the tape vanishes in the center of the tape, i.e., at ý=O. This produces the

determinanatal equation

z. I . . .. . . "
U Jn COt X1 12 14 & 0 W 4 k16 \0 'V1 + L5 K 0XV N I

+ (!-f coty) Ko0 Wjf 4 K0 'W 2

+ (I Otyl) 2 KOWIf 2 KoW 4 ]

"[f4 K'v"z 2 + f2KoW 4 ) (f 6 Ko'WI

+ f5KoW 3 ) + (f3 - f)'KoK W1W (48)

where

W I = (KIbl - IbK) (49"

W2 = (Kj,'l - It1K) (50)

W = (K 'l, -1K , (51)

t14
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and

W4 = (K"Ib' - I'Kb') (52)

For a given value of k, Equation (48) can be solved numerically for the complex-
valued propagation const.nt PA.

In the special case where the interior medium is identical to the exterior

medium, i.e., fl=f3 , f2 =f 4, f5=f 6 , and K0 =K, the determinantal equation simplifies

to

o=. JK {--k2a2cot2 J VKbK' (K' Ib'- I' Kb')
Kb' Kb

+ tna_2K Kb(KbI-IbK)% n (53)

Equation (53) describes the dispersion characteristics of a tape helix separated from

a concentric conducting core by free space. In both Equations (48) and (53), the
current density is assumed to be constant in the direction perpendicular to the helix
pitch angle V. The coefficients Jn can be modified to model a r,,ore accurate

distribution if desired. We have been unable to find Equation (53) previously
reported in the literature. However, in the limiting case as the radius b of the inner

conductor vanishes, this equation simplifies to

0= JK' 2a2cot2 IVK" I + - %a2 K 1
n- 

(54)

which is the determinantal equation for the tape helix derived by Sensiper 121 and

Klock 161.

IL



3. INTERPRETATION OF -1 It. K-03 DIAGRAM FOR T1- I TAPE- IELIX_

Figure 3 shows a k-13 diagram depicting the real part of P3 for a tape helix

without a core or substrate 16]. Straight lines appearing in the figure represent

asymptotes for the case of vanishing tape width 6. Points along the asymptote

kp=fPpsinV represent axial propagation, and account for tne geometrical slowing of

the wave due to currents flowing in the direction of the helix. Near the intersection

of this asymptote with the asymptote kp=-f0p+21r, the curve labelled "Mode I"

deviates away from axial propagation and into the radiation region of the diagram.
Solutions for P3 along this curve are complex valued. Since P3>k, these solutions

represent slow waves.

Fast I Mode

0.4 Wave Mode I '

0.3 / i/ . 9 '
- eio I -I
02

t I I 'I
01

L) 0- (14 0k (1 B I o -

2TE

Figure 3. Real part of the k-J diagramn fri a tape helix with Vp-/ (0' and

(3/2-.coty -O. 1 !(1.



Althotugh " Mode I " is fundanientaiilv at :low wave, hecaus,' of the

perIo1diL Ity of the helix each terin in the Fourier expansion of flit fields acts as all

independent hairt-onic with its own radiating or nonradiating character. By direct

substitution, the functional dependence of the n-th harmonic can be written as

where [3n is defined in Equation (17). Consider it point along thle 'Modc I" curvV

where [=_21r/p. Although the n-=() harmonic is a slow wave with [3oý-27/p, the n==- I

harmonic has phase constant [31E() which is located inl the fast wave region of the

k-r3 diagram. In this case, the n=- I harmonic is likely to excite a leaky wave. For

the curve labelled "Mode 2,' the n=:-2 harmronic is such that [32 is located in the fast

wave region of the k-[3 diagram.

4. RADIATED FIELDS OF FiNITE-I ENCTH TAPE IWTI.LlX

Assuming that the fields have the form ei-'. the radiatior, pattern may he

computed once the phase constant [3 is found from the dispersion relationship

embodied in the deterrninantal equation. A finite length helix located along thle z-

axis with exact~ly N complete tunis occupies the interval

p (2N-1) p
f 2 (56)

'rlre presence of thle conducting core and dielectric substrate complicate the

calculation of far fit~lds. H owever, giwn [3. thle near tields can he obtained from

thle exanionIs10 Of Section 2. Tlie falr fields Cart1 be C1111M compute ,~o eqjuivalen

sources located on the surface of the mathematical c:vi trder pa.and dctirlied inl

termis of the near fields. Neglecting radiation from thte end-caps of the finite
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mathematical cylinder, and assuming that only the harmonics between n=-M and

n=M are significant, these equiv,1lent sources have the form

M
K o( 'z = E ,(a 'o 'z) I E M , e-jl~n e-Jno

n---M (57)

M

J,(-,z) it,(a,0,z) I - Zn e %' eJTI•

n=-M (58)

K(,z) = E,(a.A,z) F,,, e-jfn" e

n=-M (59)

J7(p,z) =- Ho(a,O,z) - 2 Hn e-j.z e-jno

n--M (60)

and are truncated in z according to Equation (56). The coefficients are apparent

from the field expansions from Section 2, i.e., Ezn=EnKn(tona), etc. The fields

produced by these equivalent sources may be found in the usual manner from the

magnetic and electric vector otentials 11?]

A(r,0,0) J J(O"z') -ý ad'dz'S 47rR (61)

SK e-jkR

F~r,0,0) Jj K(O', z') 4TR ado'dz' (62)

where the integration is over the 'surface of the cylinder with p=a. For far-field

calculations,



15

R =-r -. a sinO cos("-') - Z' - sO (63)

Afte-r substituting the preceding expansions into Equations (611) and (62),
we arrive at the expressions

e -jk -y (N-1) ______yA(r,0,0) = c pita -in y

en& JL z HOT 2Jnka sinO)

+ tp I,. 1Jn I(ka sinO) + JI+ I(ka sinO)I

+j 4 H,, IJn-1 (ka sinO) - Jn~i(ka sinO) (64)

and

e-jk -jy(N-1) sin(Ny)
F(r,0,4)) 4nT e pita -sin~y)

s f~ e - z En2Jn(ka sinG)

-~, Q n A) 4-c' 1ir -TI- c;L n A) I

-j 4 E1 n [JT.1-(ka s]*in) - J,.,(ka sinO)i} (65)

where

p ( k cosO) 
(6

P , ,
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and Jn now denotes the Bessel function of the first kind.

In general, the helix will radiate an elliptically polar-ized wave. Tie far zone

electric field components are proportional to

{-11 sinO H(,n 21 (ka sinO) + Ti cosO H1 n1Ji(ka sine)

± .Tl ~(ka sin9)I + j E,_IJ, 1 k D,~ 8 -- J (A sn)'!l

-sinG E~ 2J ~(ka sinG)) +, cos E~l (ka sine

+0,O J e1 (k s(NO 4-I jflh1,jJ) I sin()J~ nk sinO)1(9

Note tile preserize of an array factor due to the. N-turn helix lin tNý form

sin( Ny)
sin(\Y) I(70)

where yis comrn 1ex-val tid an(' 6dfined in [Equation (66). Becausec Re(P)>k, thle

main lobe of Elqt'atitln ('70) Is iot lo, ated in the visible region. T1he Con1tribuitionl

fromy eachi harmloiic contairis the tenim

~~tt (11
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where . is defined in Equation (67). Based on the discussion from Section 3, we

might expect that the harmonic exciting the leaky wave will be the main contributor

to the far fields. Thus, it may be possible to approximate the far-field pattern using

only that harmonic in Equations (68) and (69). A simple approximation to the

pattern may be obt,-ined by the product of Equations (70) and (71).

5. NUMERICAL RESULTS AND DISCUSSION

A computer program was created to solve Equation (48) for the values of 13

corresponding to a given k. This task involved finding zeros of a fairly complicated

function in the complex plane, but was simplified somewhat because the solutions

initially follow the asymptotes as suggested by Figure 3. Starting from these

solutions, it is possible to increment k by small amounts in order to track .3 as the

curve deviates from the line kp=flpsinV. Figure 4 shows the k-13 diagram obtained

for a tape helix separated from a conducting con- by free space, with b/a=0.8 and

several pitch angles. As the solutions for 13 deviate from the line kp=fPpsinVi, P3
becomes complex valued. However, Figure 4b illustrates that at some larger value

of k, the solutions again become real valued. We only expect complex-valued
solutions in this region of the k..- diagram, and these re I-valued solutions are a

spurious result caused by the numerical algorithm used to track P. In actuality, the

algort,,Uhm, employed foi tkuse picnilinary resuhs seeks a minitmum of the right-hand

side of Equation (48) rather than a true zero. We believe that the true curve stops at

the point where 03 becomes real-valued, as suggested by some of the results of

Klock [6].
Figure 5 shows a similar k-13 diagram to illustrate the effect of differing core

size. Ir) conimon with Figure 4. the solutions deviate from the initial asymptote and

becone complex valued. They also subsequently become real-'alued as k

increases, suggesting that they no longer represent solutions of the deterninantal

equation and are a spurious result of the numerical algorithm. Figure 6 shows the

effect of different suhstrate materials on the K,- diagram.

I /
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PITCH ANGLE - (,10, 15) DEGREES

3-

10 RADIUS-I.Om

5 CORE-0.8m.

d/P-10E-5

2- Er-1 .0

4 15

1

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.01 "

RADIUS.1 .On

CORE-0.8rn
0.00*

d/P-1 OE-b
X. '1 5

0.03

0.04 15 -E.----

0.7 0.8 0.9 1.0 1.1 1.2

KA

Figure 4. k.-P• diagilalm for a hielix with b/a=0.8 and jýtr: rr= 1, for several pitch

angles. a) llc(O versus k b) hii([3) versuis k

z?.
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BETA-K PLOT FOR INFINITE TAPE HELIX

CORE-(.7,.8..g)m

.RAr,.IUS,.1 .Ore

2.4- d/P-10E-5

• ~.7 8
Er.1.0

2.0' 
PTCH-10 DEGREES

1.6

12-/

0.8

0 .4 -

0.0

0.0 0.4 0.8 1.2 1 6 2.0

nr C-'Lt L A* A N' C."

RADIUS-1.0m

1.8- d/P-10E-5

Er.1.0

1.6 PITCH-10 DEGREES

1.4 - .g 9

1•.0 - .7

0.6-

0 4 -'--• --- - v--- '' • -'"r • - •• -

0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01

MAG( rETA' AT AN(PITCH))

Figure 5. k-3 diagram for a helix with V,=10° and zr=Tr=l, for several core

sizes. a) Re(fi) versus k b) Ih(,B) versus k

1. 23



20

BETA-K PLOT FOR INFINITE TAPE HELIX

Er-(1.2.5.5)

241 25 RADIUS-.1 m

1.0 CORE-0.8m

2.0- d/P-10E-5

PITCH-10 DEGREES
1.6 -5.0

12

0.8

0.4-

0.0
3.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

REAL(BA-TAN(PITCH))

2.2-

RADIUS.' Cm
2.0-

CORE=0.8.r

18B d'P=1OE-5

1 6 PIICH=10 DEGREES

1.42

1.2 - 2 25

0.6--

041

-0o04 -0.03 0.02 o.o0 0.oo 0.n1

IMAG(BET AA TAH(PiTCH))

Figure 6. k-, diagram for a helh, with y=100 and b/a=O.8, 9s a functiotn of

b'uhstratc permit vity. a) Rc([I) v:rsut k b) lim(ll) vcVs~lS k

124
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Figure 7 shows power radiation patterns of a finite-length 10-turn helix with

b/aza=0.8 as a function of frequency. For ka=0.8, radiation .s concentrated in the

backward direction (Figure 7a). As frequency increases, the beam shifts to

broadside (Figures 7d-g). To generate these patterns, Equations (68) and (69) were

employed with M=3. Numerical experimentation revealed, however, that only the

n=-I harmonic contributes siL.iificantly to the patterns. Figure 8 shows the

radiation patterns corresponding to two different pitch angles. Figure 9 shows

similar patterns corresponding to different substrate materials. Although we have

not verified these patterns experimentally, they agree qualitatively with Ad ims'

results for a quadrifilar helix 181.

RADIATION PATTERN FOR TAPE HELIX
BET AATAN(PITCH)=(. 79,0) KA=.8

120 60
PITCH=10 DEGREES

d/P=1 OE-5
150 30 Er=1.0

RADIL'S=i .Om
* COR,-=0.8m

180 0.5 --- 0. - 0SH-TURNS=10

210 3'40

"240 300
270

I igurc 7. ,adiatitin pa icmrn ol , 10-turn helik. a) i O.'79-J().0

.'.!)
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RADATION PATTERN FOR TAPE HELIX
BETA'*ATAN(PITCH)-(.8,-.01) KA-.81

PITCH=10 DEGREES

d/P=1 OE-5
150 30E=1.0

RADIUS=1.Om

CORE-0.8m
180 • ,5 - 0.5 0 TURNS=10

240 300

270

RADIATION PATTERN FOR TAPE HELIX
BETA*A'TAN(PITCH)=(.84,-.03) KA=.85

PITCH=I 0 DEGREES

d/P.1 OE.5
150/ 30 Er=1.0

RADIUS=1.Om

CORE=0.8m
0 05 -TURNS=i0

210 ,330

240 300
270

Figure 7. Radiation pattern of a 10-turn helix. b) P3=0.8-j0.0i c) 1=0.84-j0.03

1I6



RADIATION PATTERN FOR TAPE HELIX
IBETA-ATAN (PITCH) =(.89,-.03) KA=.g

PITCH=1 0DEGREES
d/P=1 OE-5

150 30Er=1 .0

RADlUS=1.Om

CCRE=-0.8m

TURN 5=1 0

U

')40 300
270

RADIATION PATTERN FOR TAPE HELIX
t3ETA*Ar AN (PITCH)=(-94,. 02) KA=.95

;120 6PITCH=1 
0 DEGREES

* H d/P=1 OE-5
ov Er=1 .0

RADIUS=1.Cm

CORE=O.Bm
D0 -0-5l~o .5 05- 0TURN4S~ 0

210 * *330

240 300
270

I igir 7. 1\adrtidio' "t~ i Oil M M10 ur hICIi,- L)j3i~ ) JO.03 c) -094- 0~)(2
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RADIATION PATTERN FOR TAPE HELIX
BETA'A-TAN(PITCH)=(.99,-.005) KA-1 .0

PITCH=10 DEGREES

d/P=10E-5
150 30 Er=l.0

RADILIS=1,0m

COREý0.8m
180 .5 05- 0TURNS=1 0

240 300

270

RADIATION PATTERN FOR TAPE HELIX
BETAWA'TAN(PITCH)=(1.04,0) KA,1.05

16 
PTCH=10 DEGREES

d/P=1OE-5
1 •n 30

RADIUS.,1.0m

CORE,-0.8rn
180 - 0.5 0.50 TURNS=10

210 •330

240 . 300

270

Figure 7. Radiation pattern of a l0-turn helix. f) P-0.9,Xj10.0 I g) tlV 1.04 -j0.0

128
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RADIATION PATTERN FOR A FINITE TAPE HELIX
BETAATAN(PITCH)=(.998,-.003) KA=1.0

PITCH=I 5 DEG[ REES

d/P=101E-5
150 3Er=o

RADIUS=1. or

CORE=0.8m

180 .5 05 0 TURNS=1 0

240 3 300

RADIATION PATTERN FOR A FINITE TAPE HELIX
BETA*A* TAN(PITCH)(.956,-.022) KA=1.0C

120 60
PITCH=5 DEGREES

l 3 d/i'=l OE-5
50 \/30 Er=1.0

RADIUS=1 Orn

I ~CORE=o.8rn
180 0.5 -- 0.5 0

* ~TU RNS~ 10

210 330

240 300
270

Figure 8. RIdiattoil pitrcltrn otf It I0-tLrn hclix. it) N! 15" h) xI 5"
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RADIATION PATTERN FOR A FINITE TAPE HELIX
BETAWTAN(PITCH)=(1.36,0) KA-=1.0

PITCH=1 0 DEGREES

d/P=1 OE-5

Er=2.5

RADIUS=1.Om

CORE=0.Bm
1 8 0 -ý 0 .0.5.N 3 1

210 33330

240 300

270

RADIATION PATTERN FOR A FINITE TAPE HELIX
BETAWTAN(PITCH)=(1.84,0) KA=1.0

PITCH=1l DEGREES

d/P=1 OE-5

Er=5.0

RADIUS=1.Om

3 CORE=0.8rn
180 0.b o -8-1I

TURNS=-' 0

2

240 300

270

Figure 9 Radiation pattern of a 10-turn helix. a) Cr= 2 .5 b) C=5.0
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6. CONCLUSIONS

The determinantal -'niation has been deried for an infinite tape helix

separated from a concentric i-onducting core by a dielectric substrate. This equation

can be solved to produce the k--[ diagram describing propagation along the helix.

Solutions for the complex-valued propagation constant P• provide information about

the excitation of leaky waves, and have been studied for several helical geometries.
In addition, the radiation patterns of several finite-length helical structures have

been estimated assuming the form of t~he fields along the helix.
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1.0 4 t-d

Ume rxct g9iuration of airborne surveillance arrays is foreseen to have

T/R moduhles, radiators, and beam formers embedded into the cotoured skin of

the aircraft, with rf, logic, and power distributed in compact flush networks.

The sc•histication of the T/R modules is steadily inreasing as microprocessors

and Ma3ICs rapidly decrease in size. The limiting corqxnents are, or soon will

be, the radiators, networks, and perhaps the circulators, which have
ftuxndmatal physical size and shape requirmets for good electrical
performanre. 7hese conflict with the pirysical conatraints of the embedded,
conformal configuration. M• b cjective of the study an which this paper is
based has been to exploit the potential of the new generation of T/R modules to
overzem these limitations. This has been done at lenqtl,, resulting in a new
beam former architecture. It was assumed that the system requirements are such
that 3 beamferming netrks are required in the elevation plane: uniform
amplitude on transmit, low sidelobe sum beam and differenc beans on receive.

A now artitecture has been conceived which redu•es the number of beamformers

from thre to two, sivplifies the construction of tkVse networks, and allos
simuiltarneus error correction for both sum and differenc whidc relaxes the

network mniufactmrirv precision.

2.0 Arcbitecture Selecti

Most architectures for airborne surwillance arrays depend on beam
manipulation in azimuth to eliminate Jamming, which is oancentrated rear the
horizon. Cosequently, the azimuth networks are aomplex and the hardware is
minimized by collecting first in many columns rather than in many rows. Thus
the many colum bmformrs make up the bulk of the r.f. combining network, and
simplification of that architecturm has the highest priority. It is assumed

that indepmiwit traxuit and receive sicjals are involved, and that monopulse
is necessary. It would appear that 3 Jinie•wxit cxubiners are necessary, with

indupendent erroms to be ccapeu sted. Closer esmmnaticn shows that with the
flexibility of a cortrollable T/R modtle coupled with optimal beam farmer
arvdhitectura selection, this can be significantly simplified.
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In this poper. four elevation bmforming architeures will be

cxmpared; the cnmrrticaial architecture, a Wwstinr4xse architcu.re, Poirier's

method of mnifold eliminaticn (1], and a fourth a- oac wkich ocmbines the

Sarditecture and Poirier's method of n 4 fold eliminatiun. It is

important to note that planar array distrJJzticra w used only for the

comparisc of architectures, but the results apply equally to a curved array.

2.1 E inM2•l h

Exidting architectures mploy three beaimformNr etrks in the

elevation plane: a uniform amplitude beamforming network used for transmit, a

receive Sum b-- foamng nework, and a receive Differ= besm nn network

as shown in Figure 2.1-1. On receive, ne can correct errors within one of the

receive be--formixv rMrks, let us for sake of axgumrrt say the Sum network,

by using the phase and amplitude c=*rols within the T/R moKdles, but these

erTars will be translated into the receive Differec network which will

furt:er degrade the sidelobe performance of this beam. Below is a plot of both

the Sum and Differwe illumzinaticn tapers fcr a low sidelcbe set of moncpulse

bas for a planar array with 64 elmvrts in the elevation plane. 7he sum

taper is for a pattern whre the first thre side•cbes am at -50 CB damn fram

the main lobe and the ret fall off as 1/R. 7e differec taper is for a

pattern w mre the first three sidelobes are at -48 dB from the difference main

lcbes withi the rest falling off as l/R.

-10

20-log[ 1 Sum i] ,20 log[ 1 Dif~j]

-50
64

I1] "Sirplified MMIC Active Aperture Feedimý0, J. Lem Pk i rier, Internal Repxrt

Rme Air DIaveolmwit Center, Date tk w•n.

I35



E
-S

C

0~0oc

1"110



.2 Wbftjixi .hitectu&

A Wentirnium archiitecture in shomo in Figtrre 2.2-1 uhich hss the
poae.tial of sinultan-usy carrectin the !Am and Diffezrez- recive boom.

Inis architecture crists of forming "Sum + j Differene" and "Sum - j

Differt=" beamf9zmrs. In order to better M-erxstad this arch.tectura,

let's take the Sum and Differerc tapers described in section 2.1 ard add them

in qgadrature. Henoe, we'll have tw no functions.

A "-Sum + J.Dif B :, Sumw - J.Dif
i i i i A i

These two new fnx ticn are cbviouwly the ouplex conjugate of each other. In

term of these functions being inplemanted within a microwave distribution

retwr, the two networks are identical, but phys cally flipped as can be shown

in the plots of these two functions belc,.

-10

-50
1 1 64

90 1

180 .1.80
-arg[A ~- a

-90
1 . 64

13/
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In aor to extract the original sum and differaue functions, we need

to inplmwit a magic too into the overall beamformig t eJwrk. Before we get
to the radiating *lamznt, we need to go through a -3.01 dB Wilkinson oiner.

Ulie mthmtical Mfrmulati an of this network is shown below.

1 1 1 1 1 1 1 3
Sumnew :--A - + -- B -- Difnew :--.A - -- B--

-F2~~4 1 1212 1 T
HybrdI I I II

yid I _brid H rS! d IHybrid
Ring R:Ln Ring n

I I I
Wilkinson Wilkinson Wilkinson Wilkinson

-13

10 log [I Isuurew I],] -lO og[[1 Difnew i] ]1
-4 3 \

1 64

It should be noted that we have extracted the original illumination

Luncticns. For an active aperture, a -3.01 dB aditional return loss in the
receive chain shkold have a minimal if not in rw.qntial impact. The k'y

features of this ardtitecture arz:

1. Wly cam netiwark needs to be dovelcpod and uwed twice.

2. Since tb-. topology of the network is mxu that it is symstric about

the center (with the oacotion of the output phases), it is possible
for us to ccmpermatu for any errurs within the manifolds with the
cortrals available within the T/R molules. The cutput phasin
should be able to be mnfufactur- with great acx=-acy since they are
only line lwrjtha.

This airthitectur sinplifies the overall ivmive beamfoidn e rt-work,

but three beamxforming networks are still required.

13y



2.3 Poirier's He=tx~ of Manifold-85=a r

Poiri~er, in his paper, described an architecture (Figure 2-.3-1) wh-i-ch
reduces tble im.e of beamo'rming manifolds fta 3 to 2. This arc-hitecture
exploits tke urse of a varL -3le atteruiator within the T/R mo~dule to use the
uniLform anipl tiz tranL.=it retiwvrk to perform the tape-rirM required for the low
sidelobe receive bea=. in order to form a low, sidelctje difference beam, a
moxdifiled differencie beamformar is used which when~ omined with the attenuation
provided by the T/R modles, forma a low sidelobe difference receive beam.
As with thp arxtiitectur escribed in section 2.2, on suffers a -3.01 dB

receive benharing loss, the inpact of which can be reduce by the -v-e o f a

high gamin, lowi SIN LMU in the T/R imodule. R7ever, as Poirier points ou~t in
his paper, if one use the T/R modkules for retw~ork error =ipensation for the
m beamm, the errors get translated into the differencP' beamformer.

SinufltAneaus beam Correction would riot be possible with a cntwentiona1 T/R

xmodule.

NOOBIUD2 FRED NMTOAX

SLM RuinRME

FROM TrAI'SMOMN13RI

WIPUTE FROMITO OW44
"WA OF~ COLUMNS

Figure 2.3-1 -oirierls method of manifol.d eliminatiC~i



2.4 ±t Ar•I1t_

The Weatirefxume architcture descried section 2.2 simplifies the

overall reoaive beamfoing etrk, but thr beamfomi netwrB are still

reqzired for an active aperture systm with reOivs mxK~xass. A means of

reac-ig the required nsarim frny 3 to 2 would be to bulid a beamfor-mi-

retbrk with uniform auplitaxIes, but with the phase tapers desribed for the

Ai and Bi networks. Sinoe the amplitude is uniform, one of these retworks

would ki used for the traznit function with the traromit phase shifters being

used to collinate the beam in a desir direction. On reieive, we would use a

modifiction of the Wmtirshotm arrhitectre with the exxtion that the

atte atora within the T/R mdule uox d form the finall illumination taper for

both am and difference receive beas. his new architecture is shown in

Figure 2.4-1.

Let us crsider two rww nrtorks: C and D with uniform amplitudes and

the ptase tapers fuax- in the A and B netrks.

1C ..- __ [oo,[ar•[ ] ., i.,n[a.•[A]]]

1
D :--- [cos [arg [Bi]] + j i n5if[arq[Bi]]

If we use a network for the above two dividers ox3parable to the one

defined for the A and B system of receive networks, (figure 2.2-1) we obtain:

1 1 1 1 1 1 1 1.
Sumnear :- -C -- + -- D - Difnear *-- C- -- D .-

-13-

10 Og[jr Sumneari ],o10ocg[[Di fnear,]

-4314 1 1 64
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Lot us add the attuamtion available to us due to receive atterwators in

the T/R module. Sinm the om*itr eluiuts have the peak value for the sum

tapr, we *-ill apply z•w attatnaticmi to these ports and add attenation to

only the outlying ports. 7he offset between them two functions is:

Offset :- -3.01 dB

Attenuation 10.a log[[ Sumnewill2] 10 log[[1 Sumnear 1 ] + Offset dB

II

40Attenuation

1 1 64

The signals out of this new beamformer are:

Attenuation
i

20C
Sumfinal :- Sumnear -10

Attenuation
i

Difinal :- Difnear • 0

I I
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Lot u no xucpxte the losses due to forming baams using this technique.

SuMilos : 10. log[: [Sumf inal1]2 Difloss :- i0.log[ [Difinalllj

SUnlOS1 - -6.02 dB Difloss - --6.02 dB

Tb verify that we end up with the desired patterns, a plot of both the
final sm and differenie :ilumination tapers formed by this ard-itecture are

shown below.

-13

I ~ I I' I I N I
10o.lg [[su~f irm1 1  J'10.logjM1 Dif ina11 I] jl

-43 L
1i 64
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It uxhcId be noted that we havw extracted the original illumination

function at a cowt of -6.02 dB receive beamformnr loes. The proper design of

the T/R module will have the iupact of minimizing the impact on the system

noise figure. The kay feature of this new ariitectbmte are:

1. We have reduced the rnumber of beamfonMWrs frcm three to two.

2. only ne network neds to be developed and used twice.

3. Each netwrk has a uniform amplitude taper.

4. Sinmw the topology of the network is such that is is symmetric about

the center (with the exEopticn of-the output phases), it is possible

to simutaiuously erxxr crrect both receive beams if the

beafonursare manufactured with precise output phases.



2.5 Nois Ficgure Calclaticns

The use of tapering in the modules &-U- loss, made practical by the low

noise amplifier (LNA) gain. A coiparison was made of the noise figure
perfmoan of a simple single beam system to the cv-e described in section

2.4. Te definition of noise figure is the ratio of available signal-to-ixise

pcwir at the anternn irnit terminals to the available signal-to-noise power at

the cwitput terminals reduced by the antenna gain. The equivalent circuit used

for this calculation is shown in Figure 2.5-1. lhe calculation was completed

for a single coltun of the antenna. As is qneraally dcne, the input terminals

of the anternia were asanoed to be at TO - 290 dey K (reduced sky noise

factors are treated separately) and bandwidth effects were neglected for both

cunfigurations. It was assumed that all noise sources were urkcorrelated and

therefore, the noise powrs are additive. The mismatch and chmic losses of the

antenna elemen are represented by the resistance U. The noise input to each

-cw is represented by Nin. The noise at the output of Li is Na which equals

Nin, since the input temperature and the temperature of the resistare Li are

the sam. The signal irpit to each row is defined 9s Sin, which is normalized

to 1.

Nin :-k- T -B Sin :* 1
0

.1

Na: k-T B Sa
0 Li

where B - bandwidth of the system

T 290 dog K

K - Bo•tzmann',s Onstant

Each rw has an IM with gain G anm noise figure Fa. Fa is represented

as a noise soume positicned before the amplifier. The gain of the amplifier

inmludes the receive phase shitter insertion loss and the TYR switch. At the

output of the amplifier the noi-s (Nb) and signal (Sb) levels in each row are

eqaivalent to thaew of the ,ther rows (Nor EACH OTHE).

G
Nb :- GFa-k-T B Sb :-

0 Li

i4b
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An attmxator in eacti row is represented by tZn, where n is the row rwtmx-r
with the peak row having an attemnation of 0dB. These attenuators model the
f1ormation of the sum taper by attenuators in the receive path of the I/R module

and represent fram the output of th IMW t. the output of the maqic tee. The

noise present at the output of the attenuator is represented by Nc and the

signal by Sc. The attetntor reduces the available noise power by the value of

its attenuation. The attenuator also oxntributes noise power which is a

furntion of its value. (2]

i4

n

where

n P is the power of the rowL2 :- --- n
n Ppeak .Ppeak is the power of the peak row

G
SC :- -

nx Ll-L2

n

[2] "Equivadent Circuits of Noisy IRt-works", Ieo YCLovg, April, 1958, Electxrnic

nginiering



At the output of the beamformer the NE noise ccrytributicx are summed up

uniformly since this beamfonmer does not introce a taper, and power wise as

the noise adds ! ncherently (Nd). Te signal is mmsid up in voltages since

it adds cokrently an the peak of the sm peak (Sd).

Nc

Nd:- 11NE
n

2

Sd --- "

The resistance L2 represets the combiner and cirmilator ohmic loss.

Te noise figure of the rmail er of the receiver (mixer, cable losses, second

amplifier) is lutmed together in the noise 4igure, Fr. The noise an' signal at

the output of the system are calculated as follows:

Nout --- [Nd + (L3 - I).k.T BI + (Fr- l).k.T BL30 0

Sd
Sout :* -

L3



Since we assumed that the Sin = 1 and the Nin = kMoB, the ove-rall

noise figute is calculated as follows:

-Sin '

INini
NF :- •Gaf where Gaf is the array factor in the

Sout gain of the antenna.

LNoutJ

Gaf
ATF : Nout .

k-T •B.Sout
0

The array factor in the gain of the antenna must now be calculated.
After normalization of the power, this factor can be shown to be:

2
Vpk

Gaf : -
Pin

Gant : - r dqut fr

n
n

Substituting the equaticn for antema gain. noise output and signal

output into the equation for noise figure, we obtain a reduced equaticn for
nise figure. Tob upute noise figures, typical values of all parameters wern
cdxsen, LU .5 dB, G-20. dB, Fa-2. dB, L3 - 1.3 dB, and Fr-6. dB. For
these values, the new architecture has a ncise figure of 2.85 dB.

15!(



n :-1 .. 32 ... half the array NE :- 32

2

n Sum is the desired sum illumination taper.
12 :" - -The center element must have a value of 1

nI for these calculations.

XF :- 10.1og -- 13. -- + (G. Fa - 1)

The noise (Nt) and the signal (Sb) levels ame t:-, ssm for both architecbtr-

to the wutput of the LA. No attsmators are present in the corventional
architer.tre. FPr the coventional architecture the manifold produces the

taper with eac r, having a par coefficient rqeesented by Kn. The noise
output of the cmwenticral architacmue is:

k.T .B

Nout :- -- (L3 - 1) + G-FA- + (Fr - l)'k.T .B
L3 0

Since the sum of the coefficients is emual to cne, this expression can be

reduoed to:

Nout :- k T + - - + (Fr - 1)

The next two ew~mvsicww solve for the signal outpxc and the array factor in

the gain of the amventional anterm archdttre.bm

Sout :- - - [ k(n) In]
LI-L



Gaf :' [--2

The noise figure of the conventional architecture is calculated by the

following expression:

NP :1- 109o. -• (L3. Fr + (G Fa - 1)

For the typical parameters given previously, the noise figure of this
configuration is 2.62 dB. In order to determine the impact of anplifier gain

on noise figure, noise figure was .alculated as a fuiicn of amplifier gain

for both architectures. The plots which follow show that in order for the
attenuator architecture to achieve the 2.62 dB noise figure of the conventional

architecture, the amplifier gain muist inrease 4 dB. It should be noted that

any transmit taper re±Jcs the atteiator irss rapidly-

Lat us ompute the noise figure as a function of gain for the two

architectures.

m :- 10 .. 40 Amplifier Gain in dB

G :- 10 Amplifier Gain as a Power ratio
ini

NF Il log • L3-Fr + •GFa - 1 Noise figure relationship for
m NG conventional architecture

Li Fr
NF2 10log L3.NE- --- + [G Fa - Noise figure relationship

m f ]J for advanced architecture

M L22n



Noise Figure (dB) for 6-
Conventional NFI

and Advar cod Architecture -______

* m

NFI ,NF2

10 m40

Amplifier Gain (dB)

2.6 2m

Westirxp.ise studited beamforminq archit. tures in e1.evati~n Vith
xm~itiple beam caaility and low sidelcbe mrpa~se. 7tl* gurf aca of Ihesee
beeamfnWx was assumsd to be planar for c~ radMtve parPO~sm ly* This
methads include; O21venticral Method, poirier's Method of Ma~nifold Elizianaticri
f 1) , a Westin icmse architecture, anci a =Dbined approai Of tw-
architectu~s. U.3 =wo-ntaon app-ad is to use a askrate trarnsit aI
remivp manifold for a total of 3 mwnifolds ir. a maracpulse sYfftan. Pori-x's
approa~c± suggest; by using cn of the manifolds cun bath receive and trarn±iit
that the besaifornirq can be aaxinp1ished in 2, rather than 3 networks. HS uses

the T/Ra mo1el to gjenerate the illumiinatiai frLUtic for one of the recmiVe
b~m veHwwr, sin-as Only On set of phase and a11l~itude cxntra11ers 04i6t,

err-ors can atmly be Carnectod in one of the net~orks, but not both.

The Wesinbase archiitezture ack' -esses the problem Of~ error O~rrectim169
2 beamformers with Me set Of phase and azLi)tltde cmtxr' tiers. The
archtiitctre cxmists of a magic tee, a tzansmit switcht rtwo simnilar Pa"I
dividers, 3.01 dB wilxinson cotiPlers aid the T/R modules. ¶This architecture
adds the su'i and



differfwc tapers in quadrature to create S+JD ard %-jD functions (S and D are

assumed to be in phase quadratura). Since the amplitudes of tv- two functions
are equal and symmetric about the center, the only differenc bet nen the two

networks is the phase froint. Both functiais have the same phase magnitude, but
oppcsite sign. Therefore, the same network can be used to generate both

tapers, bu.t one of the networks will be physically flipped abotr the center

element. Since the phase taper is set by the number of benxis in the stripline,

it can be rearifactured to gzaat precision and will not be a significant error

caitributor. The-ufore, by measuring the amplitude on the inpt to both

networks randum manufacturing errors can be averaged and considerably reduced.

These average rumbers can be stored in the T/R module and any manufacturing
errors will be redcd to a minimal level by oumpensation in the T/R module.

This allows for simultaneous compensation Zor errors in two networks by using

the T/IR module, but a separate uniformly illuminated transmit network wculd be

reqtured. In order tc.. form the desired su and difference beams, the outputs
of the S+jD and S-JD networks are fed into a magic tee.

The 3.01 dB Wilkinson divider which splits the receive energy between

the two beamforisrs, introduces a receive loss of 3.01 dB. The T/R switch in

this architecture avoids this loss on transmit by switching in the tr-nsanit -

por di'Jider. Th 3.01 dB c.pler and T/R switch will be included in the T/R

module.

The fourth approach corbines Poirier's method and the Westinghouse

method. The key features of this aproach is that it reduc.es the nmtner of

manifolds frcm three to two and mintains the potential of cxcapesating for
-x in t1,h rtaive aim and differec patterns simultaneusly. The

architectc re contairs the samsm iocaients as the previously described

Westinxhcise ardhitecture emex t for differet pouwr divider characteristics.

The power divide' s hava a uniform plitude taper and the piase taper of the

S+jD and S-JD networks. Againr one network is the complex conjugate of the

other rntwork which implies that we need to develcp only -xa network (e.g.

S+jD). 'Me secrrd ixO.ixxrk (S-JD) will be flippe about the -enter elemant.

The trnaiit function remries a uniform taper in order to run the high power

aiplifiers in the T/R modules to saturation. Ora of the ne vorks can be used
for tha tranmuit functian and the transmit phase shifter w3 tl take out the

phase sthift built into the network as well as ateering the beam. The rex-ive

,verati-a is imilar to that cf the previously described Jt-i3house
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ardbitecture with the exetion that the bmformumr have unifona eliture.
The S+JD and S-JD natwcrks in cJujwcticn with the 3 dB Wilkineon dividers and

the Maic Tom set the ratio of the alitudo for the aun and differenc
boat. The receive attators in the T/R mxktlw met the prper attematicn m
5iul~tanr uy for the a u and differc beam. Hencea, we have redued the

number of beemlommrs from 3 to 2 whil~e retaining the c~aility of
simultanesly orr ctin errurs in both the sum and differenm beam. nha
loss an receive associated with this architectum was found to be 6.02 dB. On

tranit, we wwounter a -3.01 cM driver lasm due to the Wilkinson dividers.

We can eliminate this losw on tranmnit by incorporating a T/R switch before one

of the coupler leap. Both the -3.01 dB Wilkirwmn divider and the T/R switch

could be inmrperat into the T/R modules.

Noise figure calcflaticn were done to om~ ir the coventional
architecturt and the ime of attenuatorn to form a taper on receive. A planar

array distrihztion ws used for coparative prpos. To maintain the same

1mvrali. rhois fig-w- re tt- a~ciaLe tin~ at2 ...... ,.

archtectures reuire an INA with an diticaal 4.0 dB of gain. However, in

order to avoid driving the end elmts into the noise floor, an additional 10

dB of gain insugges.ted.

Table 2.6-1 smrizes the ardiltecture CariscThe ar-ditecture

ftdiid ci-in Poirier's method of architecture manifold elimination and the

Wintxxise architecture (Figure 2.3-1) was selected. This ar-hitacture

rzwo the rmizmr of beam. required from 3 to 2 and is able to correct
orrors In both the au and differ be .
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Table 2.6-1 r

Error C~rowCt MdiLtioal

Number of Both Sum and System Receive INA
DiffMsX TGa in In=9&!S9

Cciventi•a•l 3 No 0 dB 0 dB

Poirier's Method 2 No - 4 dB

Westrxd s 3 Yes 3.01 dB 0 dB

Cambinaticn 2 Yes 6.02 dB 4 dB



BROADBAND MMIC T/R MODULE/SUBARRAY

PERFORMANCE

D. Brubaker M. Lynch
D. Scott H.H Chung
S. Ludvik W. Foy
Teledyne Monolithic SY. Peng
Microwave Teledyne Ryan Electronics
Mountain View, California San Diego, California

ABSTRACT

Increased availability of monolithic microwave integrated circuits (MMIC)

has geierated interest in active phased array systems. Continuing

component developments are providing more complex functions on-chip

and lower MMIC costs that can make realization of large array practical.
@#,,, r.. .. - -4.. -^ ^ -.. ......... .: _J-" badd h -and..:_.L - ---

,L IV,0, CyCLVI I,, are ,UJ=t~ u LU uML. over WVIUV U61UWIULI1b dU

implement advanced concepts -' is shared apertures in which

several RF functions (EW, radar, communications, etc.) are performed on

a single aperture. This paper presents the results of the development of

broadband T/R Modules operating over frequencies from 6 to 18 GHz.

In addition, the davel.pment of a 4-element broadband subarray and the

integration with tL- modules are also included. A 5-bit delay line phase

shifter has been developed 'for steering the subarrays over a

±60 degrees scan sector. 3oth •.,. ed and .n....su.d Ti/ Module

and subarray pattern data have been compared and dis. issed.

I I I I I



1.0 INTRODUCTION

The current phased array technology demands for a wideband (?300%),

shared-aperture phased-array to meet the present and future needs in

many critical application areas. The ultimate goal is to make the Phased

Array Antenna Systems affordable and reliable. It is envisioned that such

a broadband shared-aperture phased-array offers many advantages,

such as reducing real estate required for airborne applications, reducing

scattering cross-sections, performing multiple missions, etc. The

challenge to materialize these antenna systems, hrowever, is developirng

the required key components. These key components are subarrays, T/R

(Transmit/Receive) modules, beanmforming network and its associated

control circuits to say the least.

The purpose of this paper is to present results on the development of

broaaband (6-i8 GHz) Trarlsrmit/Receive (Ir) ,,odue, an, sIb.rr-I

components. The broadband T/R Module developed consists of T!R

switches, high power amplifiers, low noise amplifiers, and a 5-bit delay

line phase shifter. The subarray developed is a 6-element printed-circuit

dielectric notch radiator. For :he integration test, there are C subarrays

mounted on the top of a common ground planG. Center four subarrays

were connected to 4 T/R Modules mounted behind the ground plane,

with outer two subarmys resistively terminated.



Typical data measured for each subcomponent of T/R Module5 are

discussed in Section 2.0. Simulated subarray patterns using the

measured T/R Module data are presented in Section 3.0. Brief

description of T/R Module/subarray integration test is given in Section

4.0. Measured integration test pattern performance is summarized in

Section 5.0, followed by conclusions and recommendations in

Section 6.0.

2.0 T/R MODULE PERFORrIANCE

2.1 Ti/R MODULE uESIGN

The T/R Module developed consists of a "transmit" power amplifier chain

and a "receive" low noise amplifier chain that share a common 5-bit

delay shifter and antenna via a pair of SPDT switches. It was designed

for an 8-element array, operating from 6.0 to 18.0 GHz. The eiement

.!,A.iIV{: UOI.i. U to %J."9..•.. Inldli. I I U,i.t•I des,"t• was ..clled• U21!Va.,iy ill, Ir l 0 11- 1 an

band phased-array, operating from 0.6 to 1.8 GHz, which was

developed at Teiedyne during the years of 1983 and 1984. Figure 1

shows a general block diagram of a broadbanid T/R Module, which

includes a polarity switch to provide the polarization diversity capability.

For the developed T/R Modkile, however, the polarity switch was not

included, as shown in Figure 2. This figure shows the basic layout of the

developed T/R Module. Note that the key subcomponents are high

I I I I ~I I
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power amplifiers, low noise amplifiers and a 5-bit delay line phase

shifter. Figure 3 shows a photo of the hardware developed.

2.2 DELAY LINE PHASE SHIFTER

For broadband frequency (300% bandwidth) opgration, delay line phase

shifters are required to provide frequency independent beam scanning

capability. This concept is illustrated in Figure 4 which shows a 4-

,'Iemrent subarray with beam scanning to an angle 0. Note that the 0 is

given by:

6 = SIN-1 (' d) (1)

where T is the time delay difference between any two adjacent elements,

c is speed of lighc in free space and d is element spacing. The oeam

steering is dependent on time delay -r and element spacing d, not on

operating frequencies.

For the selected element spacing, d = 0.492 inch, and the desired scan

coverage of ±60 degrees from the 8-element array broadside, the 5-bit

delay line bit sizes required are 8.5, 17.1, 34.1, 68.2 and 136.4 pico

seconds. Figure 5 shows the measured net time delay states of the

complete TiR Module for the receive path over the entire operating

frequency range. Results are similar for the transmit path. It should be

pointed out that the measured data for each state showed gocd flatness

tI II
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over the frequency range as desired. The difference between any two

adjacent state should be constant and equal io the least bit size of 8.5

pico seconds. The measured data did show that this condition has

generally been met with some minor errors.

One of the important criteria for T/R Modules is their performance

repeatability from module to module. Figure 6 shows the measured net

delay of 5-bit states for all four T/R Modules. Note toat each bit tracked

well from module to module.

2.3 RECEIVE MODE

The measured performance of the receive rmo)dr- iperation is shown in

Figure 7. Note that the koy poror'mance items are gain, gain control, and

noise figure. In addition, the gain tracking from module to module is

important. The mei'sured data showed good gain of 35 dB, with a

20 dB gain control. The noise figure measured is about 6.5 dB. The

g:ain tracking is about 5 dB.

2.4 TRANSINNU MODE

The mnasuro. periormance of the transmit mode operation is given in

Figure 8. The key tPansmit mdt.oc performance items are gain, gain

c.ont!cl arn tns•mit powr N(-'e ,hai the measurad typical transmit gain

is 37 dB viit' a 20 dB •ir• cnt a .ge

I~. f'.
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The module to module amplitude tracking is mostly less than 5 dB over

the frequency range for 4 T/9 Modules. The transmit output power will b_

saturated at about 25 dBm. A desired increase ii, output power ".an be

achieved by reducing the input switch insertion loss, increasing the

power amplifier gain and increasing the output power of the driver

amplifiers.

2.5 MODULE PERFORMANCE SUMMARY

Table 1 provides a summary of the measured data performancA for the

developed four T/R modules. The measured data meets most of the

design goals. Improvements, however, are needead in both amplitudeo-

tracking and 5-bit delay line erroi tolerance.

3.0 SIMULATED SUBARRAY PATTERNS

Before the T/R ModL es/Subarays integration test, subarray patterns

were simul~tAd usino the measured T/R Module time delay data.

Figure 9 shows a 4-element subarray fed by 4 T/R Modules via a 1:4

corporate feed circuit. In the pattern simulation, uniform i mplitude

illumination was assume,1 and the mutual coupling effect wi.s not

included. The calculated patterns are shown in Figures 10-16. Tht

corresponding relative aperture phase measured and designed for ,ach

frequency and beam an. !e .s also shown in iach figure. Theeq ap, iure

phase errors determine sub-array pattern performance and provide

urder...ndin] o, the olase error effect on hea.n shaping.

018



Table 1. Comparison of Achieved Performance and Goals

Parameter Goal Measured
Frequency (GHz) 6-18 GHz 6-18 GHz

Port Match, Antenna and Feed 2:1 2-1

Gain, Transmit and Receive 30 dB 35 dB

,Gain Control 10 dB 20 dB

Transmit Power Output 23 dBm 25 dBm

Re -eive Noise Figure 6 dB b.b dB typ.

Phase Match: (at 6 GHz)
I ]nit-tn-I Init +,an- fi nra,, 4-00 rip ri,,e

Transmit-to- Receive ±30 degrees ±33 degrees

Switchable Delay:
Bit 1 (psec) 8.5 ±3% 8.3 ±15%
Bit 2 (psec) 17.1 ±3% 17.3 ±7%
Bit 3 (psec) 34.1 ±3% 33.3 ±6%
Bit 4 (psec) 88.2 ±3% 68.8 ±4%
Bit 5 (psec) 136.4 ±3% 131.8 ±-4%

Gain Fiatness Vs Frequency ±13 dB +5 d

Gain Variation Vs. Delay Setting ±2 dB ±1.5 d-

Gain Tracking, Unit-to-Unit Not specified ±2.5 dB

1Nn-t Del.y Tracking, Unit-to-Unit Not specified ±19% on Bit 1
decreasing to
±2% on Bit 5

itmin T, tking, Unit-to-Unit Not specified Receive path:

_______~Transmit Path.5 .
,._._.._ ______.. ___ t:2 .5 psec"
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Subarray Patterns 6.0 GHz
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Figure 10. Simulated Subarray Patterns and Aperture Phase
Distributions at 6 GHz and 0 Degree Scan Angle
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Patterns 6.0 GHz, -+-60deg, R
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Figure 11. Simulated Subarray Patterns and Aperture Phase

Distributions at 6 GHz and 60 Degrees Scan Angle
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Patterns 12.0 GHz, Odeg, R
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Figure 12. Simulated Subarray Patterns rid Aperture Phase

DIstributi( s at 12 GHz and 0 Degree Scan Angle
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Potterns 12.0 GHz, -t-30deg, R
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Fioure 13. Simulated Subarray Patterns and Aperiure Phase

Distributions at 12 GHz and 30 Degrees Scan Angle
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Potterns 12.0 GHz, +60deg. R
0.0 - ---- ---- -- --I ----

-6.0-- ---- - - --
-9.0 .

-= - 12.o------..- -"'--------

--•- ----t--,. .. . . . . . .--- - -- -------- - ---------

SIMULATED PATTERN
-24.0 ------------- WITH MEASURED DATA

-. .. ...- ..... . SIMULATED PATTERN
_____WITH THEORETICAL DATA

-90.0 -60.0 -30.0 0.0 30.0 80.0 90.0
Angle..(deg)

60.00

03 MEASURED

40.00 PHASE ERROR

o & THEORETICAL
13 PHASE ERROR

"- 20.00
v A

0

L.

!-4. 0.00

cn -20.00
-.c

-40.00

-60.00,, . .
0 1 2 3 4 5

Element

Figure 14. Simulated Subarray Patterns and Aperture Phase

Distributions at 12 GHz and 60 Degrees Scan Angle
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Patterns 18.0 GHz. Odeg, R
0.0 --- r - SIMULATED PATTERN

I I WITH MEASURED DATA
-3. -------v ------------ -~*~*~
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Figure 15. Simulated Subarray Patterns and Aperture Phase

Distributions at 18 GHz and 0 Degrees Scan Angle
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Patterns 18.0 GHz, -+-60deg, R
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Figure 16. Simulated Subarray Patterns and Aperture Phase

Distributions at 18 GHz and 60 Degrees Scan Angle
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Figures 0 and 11 show the~ simulated subarray patterns (solid lines)

ba-,ed on the measured T/R Module pha~se data (as gIve9n by squares).

The frequency used is 6 GHz 2nd beam angles are 0 (Figure 11) and 60

degrees (Figure 12). For comparison puarpo:,e, the theoretical phase

-iata were also shown in the figure (as giveni by triangles). Note that onty

one out of four TfR Modules has larger phase en or (about 30 degreS -as

shown in Figure 10). The simulated cuba~rray patteitts uý,ng the

theoretical phase data were shawn by the dashred lines. Gool agreement

between the dashed line and solid I ne subarray patterns has beer'

obtained. it should be mentioned that there were no gratiag lobes wr 60

degrees scan angle (Figure 1 1), due to the small element spacing.

Figure 12, 13 and 14 show the simulated subarray patter:-s, for the

frequency cl 12 GHz and beam angles of 0, 30 and 650 decreps.

respectively. The simulated pa-terrns with the measurea and theoretical

ap -ture phase data again agree well, except sidelobes. The hIipir

sidelobe levels shown in these figures are mainly caused by large, phase

errois at element No. 2. Figures 15 and 16 show the simulated patterns

for the frequoncy of 18 GHz and beam angles of 0 and 60 deqres,--,-S

respectively. Note that the phase error at element No. 2 inoreases, to

about 50 degrees for broadside aeam (Figuire *15) and 6.5 degrees for

beam at 60 degrees (Fk igure 16). As a resu~t, the subar.-ay pattera

sidelobes for the measured phase data are much higher than iiat of vie

theoretical phase data. For future development~, Ithe No. 2 T/H Muodule



phase orro; can bie corrected and the corresponding sidelobe w)et of

subarray patterns will be improved. The grating lobes are shown in

Figures 114 and 16 tor scan angle at 60 degrees at frequencies of 12 and

18 GHz. These grating lobes are expected due to the large elemnent

spacir'g at higher frequencies.

4.0 T tIR MODULE/SUBARRAY INTEGRATION TEST

4.1 PHYSICAL INTEGRATION

To verify the simulated subarray patterns, four T/R Modules were

integrated with a 6 x 6 subarrays as shown in Figure 17 The 6 x 6

subarrays were r --untE 1 on the top of a 12 x 12 inches ground plane.

The four T/R Modules v.<re mountead behind the ground plane. Four

coaxial cables were used to provide RF connections between thr, four

T/R Modules and the center four subarrays. The outer two !ýubarrays

S4I 1QV% ~Uy RUF !;) 'ads. &Ea~h S Ubari-ty CýittaIA 6 CUieI~eLI U IIC L

iadlator which was daveloped to operate from 6 to 18 GHz.

Tho -input VLVR for each embedded element is bettor than 2:'1. The

spacing between ar'v t-wo adiacen' subarrays is 0.492 inch. To provide

structure SUpport, foam spacersz were placed betwegen two adijacent

s;.i barray-,
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4.2 TESTING CONDITIONS

The integrated T/R Module/Subarray was mounted on top of a foam

column pedestal inside an anechoic chamber for subarray pattern

measurement, as shown in Figure 18. The power suppiy and T/R Module

control circuits were placed on a rack and placed outside the anechoic

chamber. The module gain level settings were adjusted to provide a

uniform gain distribution across the array. This involved adjusting

attenuation levels to compensate for individual temperature deviations

due to the position of each module in the subarray. Gain levels were

adjusted to. maintain a nominal gain of 30.0 dB for both transmit and

receive modes. The accuracy of this gain level is within ±0.5 dB for each

module.

5.0 MEASURED SUBARRAY PATTERNS

The integrated T/R Module/Subarray patterns were measured for

frequencies of 6, 12 and 18 GHz and beam angles of 0, 30 and 60

degrees. Typical data were shown in Figures 19, 20 and 21. For

comparison purposes, the simulated subarray patterns using the

theoretical element phase data were also plotted in these figures. In

general, the measured beamwidth is smaller than that simulated. This

may be caused by the fact that the outer two subarrays were excited by
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mutual coupling effect from the center four active subarrays. As a result,

the effective subarray aperture increases which will reduce the

beamwidth.

It is also noted that the sidelobes and grating lobes of the measured

subarray patterns are higher than that simulated. This may be caused by

aperture phase error as discussed in Section 3.0. However, the beam

did scan to the desired directions using the developed 5-bit delay line
It

phase shifter.

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

A 5-bit true time delay MMIC/hybrid 6-18 GHz T/R Module has been

developed for phased- array EW and shared aperture applications.

Saturated output power is typically +25 dBm. Receive and transmit path

gains are approximately 35 dB each, with 20 dB of gain control. Each

T/R Module may be switched into one of 31 net time delay states. Unit-to-

unit net delay tracking for four units is within 7 psec while gain tracking is

within 5 dB.

Based on the measured and simulated subarray pattern performance, it

is concluded that the broadband T/R Module does provide the beam

steering capability over the designed frequency range (from 6 to

185



18 GHz) and the space angle coverage (±60 degrees from array

broadside).

6.2 RECOMMENDATIONS

Three main areas for improvement have been identified. First, FEDs

should be used instead of PIN diodes for all switching elements,

including delay shifters. Second, control of the module needs to be

analyzed and integrated, as much as possible, into the module. Third,

packaging needs to be studied and improved. In addition, the phase

tracking from module to module needs further improvement to reduce

subarray aperture phase error. The improvement in gain tracking is also

recommended.

7.0 ACKNOWLEDGEMENT

Thanks are due to Mr. R. E. Chapman and Dr. G. Schaffner for their

support in this IR&D program.

186



ARRAY TRADE-OFF STUDY USING MULTILAYER

PARASITIC SUBARRAYS
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ABSTRACT:

The use of multilayer parasitic patch subarrays in a microstrip phased array

offer many potential advantages. In this paper an analytical study of

microstrip arrays with high gain multilayer parasitic patch subarrays and

conventional patch antennas is presented. It is Indicated that a thinned

array of half as many multilayer parasitic patch subarrays (per row and

column) at twice the spacing will perform as well as the full array of

ordinary patch antennas. The criterion for comparison was array gain, 3 dB

beamwidth and sidelobe level. The attendant reduction in the required number

of patch antennas and consequently, MMIC phase shifters is very significant in

terms of array complexity, cost and power loss.
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2.

INTRODUCTION:

It has been reported in the literature that the presence of parasitic patch

elements adjacent to excited ones enhances the gain of the patch antenna

[1-31. Recentexperimental studies have established that parasitic patch

subarrays with overlaying stack of parasitic patches above an excited one can

produce gain several dB higher than that of the single excited patch itself

[4]. Using these higher gain multilayer patch subarrays as the basic

radiating unit for a large array with MMIC (Monolithic Microwave Integrated

Circuits) phase and amplitude control offer many advantages. For beam

pointing and sidelcbe level control in a large array of patch antennas, the

number of MMIC's required is proportional to the number of patches comprising

the array. The resulting beam forming network introduces complex feed

architecture, high power loss,-spurious radiation in the feed network and high

cost due to MMIC's. To alleviate these problems, higher gain parasitic patch

subarrays can instead be employed that will meet the array design criterion

with fewer number of elements and hence fewer number of MMIC devices.

The aim of this paper is to study the feasibility of using a reduced numnber

of such high gain elements to maintain the design performance in large MMIC

phased array. The result of this study will serve as a reference performance

basis in large array design where, array architecture is modified, addressing

critical configuration and performance issues.
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3.

ARRAY TRADE-OFF ANALYSIS:

In the simulation, the trade-off performance of a (16 x 16) array of

microstrip patch elements in the broadside direction was studied. The 34 dB

array gain was realized wits *i -'-,'P ar,-ay of 256 patch elements with 10 dB

individual gain and aperture dimension of (7.5X x 7.5X). Figure 3 shows such

an array. If instead, the multilayer parasitic patch subarrays with 15 dB

individual gain were chosen as the basic radiating unit then the array

performance goal (i.e. gain, sidelobe level, beamwidth) is achieveable with

only 81 elements; resulting in a substantial reduction in the number of MMIC

required.

Figures 1 and 2 show the far-field patterns of a single patch and a multilayer

parasitic patch subarray respectively. For analysis; the element patterns

were approximated by appropriate cosine powered functions. Then

two-dimensional array patterns were computed using generalized array theory.

Figures 5 through 10 show the H-plane cut of the far-field plots for different

array configurations. For comparison, only the H-plane plots have been

displayed. Gain for each array was computed by integrating the total radiated

power.

RESULT AND DISCUSSION:

The trade-off comparison for a planar array of mentioned gain, sidelobe level,

beamwidth is displayed in Table 1. The first three columns in Table I

correspond to the array configurations with 34 dB array gain. The next three

columns give an alternate look at the array if element savings are not taken
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4.

into consideration. The resulting Increase in array gain of 39 dB is

associated with higher gain elements at the expense of a larger number of MMIC

devices or with a large number of standard gain elements and proportional

number of MMIC devices. The study results indicate that an array of standard

gain patch elements reconstructed with reduced nimber of higher gain parasitic

elements within the same array aperture and conseluently at increased element

spacing will produce same directivlty, 3 dB beamwidth and lower sidelobe

e-nvelope. Hence for a large array, an improvement of 5 dB in element gain

will reduce the number of MMIC required by 66' to operate at the design

performance level,

The above study does not take into consideration the effect of mutual coupling

or r Jiation from the feed lines which would likely degrade the anticipated

performance and lower the array gain.

The performance degradation can be recovered somewhat without additional MMIC

devices by an array of (16 x 16) multilayer parasitic subarrays and connecting

the subarrays into groups of two. Each such group can be controlled by an

MMIC device as indicated in Figure 4. Though the resulting array has the same

number of radiating elements as its conventional counterpart but requires

fewer number of MMIC devices. Such an array produces even higher overall gain

and lower si elobe envelope with ilentical 3 dB beamwidth and null iocation.
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A K-BAND MMIC ACTIVE PHASED ARRAf ANI[TNNA

C DONN, A. E. BOLLESEN AND S. H. WONG
ROCKWELL INTERNAl IONAL CORPORATION

ANAHEIM, CALIFORNIA 92803

I. 1NTRQDUCTjQN

In recent years, Rockwell has been developing SHF/EHF monolithic

active phased array technology. Recent advances in the GaAs

monolithic microwave integrated circuit (MMIC) technology in the

SHF/EHF bands suggest the feasibility of very "thin" active phased

arrays which are ideal for conformal applications (1,2.3). Rockwell

completed a study for Rome Air Development Center, Hanscom AFB,

Massachusetts which defined a design approach for the K-'>and

monolithic active receive array (4,5,6). A 16-element subarray was

utilized to demonstrate and evaluate the design, f.brication and
IntonrAtlnn Nt tho rp-.r, :.ntded array -arh•l• t-et nnA thn6 ogv.
S. - .. _ .. 1 - -,,- - j, . I 1 1,,.l _ - 6I I . , w-L , . i ,• .. ..l I l jW

This presentation reports the performance of this 16-element

monolithic active receive ar-ay.

2. ARRAY DE5CRIPTIQN

A photo of the 16-element array hard,,are components, which are: the

array, phase shifter control box and powe supply box, is shown in

Figure 1; an RF functional diagram is illustrated in Figure 2.

Photos of subarray aperture and the detail of u •ingle radiating

element cell are shown in Figure 3. Each individual element cell

consists of a cavity radiating element excited orthogonally (te

produce circular polarization) by outputs from a ,inye coupler; a

single GaAs monolithic microwave integrated circuit consisting of a

low noiso amplifier, a buffer amplifier and a 3-bit ph.:tse -0lifter.
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Figure 3 Photo of the 16 Element Suibarray



All 16 radiating elements are connected to the RF distriiution

network via vertical RF feed thrus. The array also provides

intcrconnections to control the MMIC functions. The array was

designed with uniform distribution and the antenna control was

nech~nlzed into the control box rather than "on element" control

modules.

3. RECEIVE MODULE

The 20 GHz KMIC receive module (or chip) contains a low-noise

amplifler, a 3-bit phase shifter and a buffer amplifier all

integrated in a single monolithic GaAs chip. The overall dimensions

of the chip are 0.070'XO.270" with a thickness of 0.005". The goals

for design performance were as follows:

Low-.Noise Amplifier Gain 10 dB
Noise Figure 4 dB

Buffer Amplifier Gain 10 dB
Noise Figure 5 dB

Phase Shifter Isolation Loss 9 dB max. (3 dB per bit)
Phase 450, 90°, 180° (per bit)

F ABRK,:ATIQN_P RCE

Gallium arsenide monolithic microwave integrated circuit (MMIC)

fabrication technology at Rockwell is based on direct, localized ion

implantation ft- active layer formation, projection,

direct-step-on-wafer (DSH) photolithography. This DSN

photolithography was used for all patterning steps including FET

gates, plasma-enhdnced chemical vapor depositi(,n (PECVD) of silicon

nitride for metal-insulator.-metal (MIM) capacitors, low capacitance

c ossovrs, throuqh substrate via holes for ground cc,nnections, and



a refractory metal--based metallization system for high reliability.

Al' processing is carried out on 3-inch wafers, using automated high

throughput equipment, in a closely monitored pilot production

environment. FET gates, 0.5 um-.long, are patterned using a

proprietary dummy-gate ,ocess. Dry processing techniques including

ion milling, reactive ion etching and plasma etching are used

extensively. This has led to the development of a high yield

process with state-of-the-art circuit performance. Tight control of

all important fabrication steps is maintained through an extensive

use of test patterns on the wafer. Further control over device

performance is offered by the availability of in-house-grown

semi-insulating GaAs and a strong internal program in materials

technology. A CALMA GDS II computer-aided design system is use(i for

design and layout of IC masks, producing the pattern generator tdpes

required for mask fabrication. Mask fabrication is carried out at a

Rockwell-owned entity, OPTOMASK, which also provides service to

commercial semiconductor companies.

GaAs MESFETs are used as active devices and Schottky diodes are used

for level shifting applications. Except for very small vdlues,

resistors are formed by ion implantation (300-100 Q/ E). Small

value resistors are fabricated using ohmic metallizatlon with a

sheet resistance of 1.5 Q/EJ. The dissimilar active layer

requirements of different types of FEfs, diodes, and resi -tors are

mei: by multiple, localized ion implantation.

/U4



MIM capacitors, with plasma-enhanced CVD silicon nitride as

dielectric are used for both RF tuning and bypassing due to good

control (+10%) on capacitance per unit area. A capacitance of 130

pF/mm2 is currently used, although higher values are possible by

thinning the dielectric layer which may reduce reproducibility due

to small variations in lithography.

Wafer fabrication is done on 635 um-thick substrates (to minimize

breakage). Before etching via holes from the backside, the

substrates are thinned to 125 Pm. Thinning -s accomplished by a

combination of lapping and polishing that leaves a mirror finish on

the final surface. This helps in reducing RF losses in the

microstrip ground plane which is formed by metallizing the backside

by electroless and electro-piating (3uim gold). Backside

metaiIzatlon also plates all the via holes, thereby providing

ground points at appropriate locations on the chip. Transmission

lines are constructed in the form of microstrip. The fabrication

process incorporates a two-level metallization scheme with low

capacitance crossovers. Thp sprond mef A 1z1J ion lev+l ,.ne it% forms

a'i the microwave circuitry, top plates of MIM capacitors and many

interconnects, is gold plated to a thickness of approximately 3um-

to ninimi-e RF losses. An air bridge technology for 3-inch wafers

using projection lithography has recently been developed and

implemented as part of the baseline nrocess. rhe interlevel

dcelectrics (silicon oxynitride) is also used to passivate all

active devices. No organic materials (e g., polyimride) are present

cn the MMIC chip. The wa ?r is di-ed from the btk, with a high



speed diamond saw, since it is not feasiblt to demount a 5 mil thick

3-inch wafer from the carrier substrate and remount it face-up

without excessive breakage. A specialized pattern in the via mask

defines the saw streets. A flow chart of the process showing

cross-sections of devices after completion of the major process

steps is provided in Figure 4.

A single 3" wafer, containing 44 fields with each field h. ving a

layout as shown in Figure 5, was processed. Each field contains

three chips, two are of the latest design and the third is the

prototype design included as a back-up if required. The wafer was

DC probed prior to thinning and backside processing. Eighty-seven

(87) of the eighty-eight (88) possible chips with the latest design

passed the DC screening.

TEST RESULTS

A cascade probe connected to a HPB85O was used to test all chips.

The cascade probe is a specially designed RF probe which allows

acc!,rate RF measkirpmpnt without the bonding of chips onto a test

fixture and thus chips were free of possible physical damage after

the RF testing. A preliminary RF screening consisted of measuring

RF signal at chip output port through all 3-bit phase states was

performed on the 87 chips. Thirty-six chips failed this preliminary

RF screening. The remaining 52 chips underwent a complete

S.-parameter characterization from 19 GHz to 21 GHz. Based on 'he

preliminary scrutinization of the test data, nine chips were deemrJ

to be unacceptdble due to either very low gain or large phase

"(I)6
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variation or a combination of both. !he remaining test data of 42

chips were analyzed to determine peak gain for each chip, the

frequency where the peak gain occurred, th-! gain variation across

the eight phase states, and the phase delay (referenced to the

zero-degree phase state for each phase state). The means, maximum,

minimum and standard deviation are tabulated in Table 1. It should

be noted that except for the peak gain, the statistics are based on

the data at 20 GHz only.

TABLE 1 20 GHz MMIC CHIP TEST DATA SUMMARY

Data Summary (42 devices)

Standard
Parameter Units Mean Max Min Deviation

Peak S(Z1) Gain 1 9-1 12.8 7.0 1.3Freq @ Peax ý(21) Gain GdL 19696 19920 19440 .128

S(21) ;ain Spread (Q phases) OB 1.4 1.7 1.1 .165
S(21) Angle '(45 State)w Degrees 39.9 4Z.3 37.5 1.01
S(21) Angle (90 State)- Degrees 87.7 90.8 84.4 1.50
S(21) Angle 135 State)' Degrees 126.5 120.2 121.8 2.06
S(21) Angle (180 State)* Degrees 184.9 188.9 179.6 2.04
S(21) Angle (225 State)* Degrees 225.6 229.6 220.1 2.52
S(21) Ancle (270 State)- 'Degrees 271.3 276.5 265.3 2.78
S(2I) Angle (315 State)- Oeqrees 314.5 319.5 308.5 3.05

"Referenced tc S(21) Angle in the 0 degree phase state

9-



Additional analyses were performed on the 16 chips selected for the

integration onto the array. The gain and phase measurement data are

listed in Tables 2 and 3 for 19.5 GHz and in Tables 4 and 5 for 20

GHz. The numbers I - 16 in the Tables correspond to the position on

the array. Good uniformity can be seen in the data both across the

16 devices for each phase state and especially across the phase

states of each individual chip. The absolute values do not match

the design goals; however, considering that this is the first

quantity lot of a higher order MMIC (several functions on a single

chip) produced (to our knowledge anywhere), the results are

extremely encouraging.

While gathering the raw data, it was noted that the frequency

response was lower than desired. The gain and phase shift acro q

the freauency band from 19.2 to 20.6 GHz for a single chip is shown

in Figures 6 and 7 respectively. The slope on the phase shift is to

be expected and is not of major concern as long as it is linear and

consistent from phase state to phase state because a correction for
fr ... ,- I L U I-a,, .d
frequency can be implemented in a large arry

The gain and absolute phase shift values are indicative of the state

of modeling at the higher frequencies. Although models are well

established at lower frequencies and for individual circuits, the

same ,'egree of confidence has not been achieved at the higher

frequencies. There is sufficient evidence, nowever, to believe that

w!th the S--parameter data obtained from this iteration, an MMIC can

he produced io meet the design goal- with little risk.

.11o (



TPble 2 Element Amplitudo Excitat,un at 19 5 GHz

MEe C CHIP GAIN IN dB FOR PHASE STATE
El - den- _

ment tif I- -T'--
No. catlun 0 45 90. 13 180* 22S 1270" 315 M

1 3B 4.21 5.10 4.94 5.86 3.81 450 3.95 4.99 4.67 .64
2 320 1 8.03 8.93 8.70 9.55 7.75 851 8.00 8.98 8.56 .513 14F I4.58 5.76 J5.60 6.62 4.44 5.11 4.49 5.52 5.28 .70

4 13H 6.60 7.77 17.47 8.44 6.55 7 21 1 6.45 7 33 7.25 1.68
5 21G 7,72 8.63 8.38 9.12 .756 8.16 7.51 8.36 8.18 '.52
6 22A 10.19 11.091 11.00, 11.79 9.91 10.55 10.06 11.03 10.70 .64
7 33H 7.42 8.56 18.31 9.23 7.29 8.06 7 41 8.48 8.10 .57
8 21F 5.59 6.60 .6.51 7.46 5.36 5.96 5.38 6.a8 6.17 .66
9 24F 5.17 16.34 16.13 7.22 5.0 5.68 5.06 6.24 15.86 1.68
10 430 6.57 17.64 7.47 8.40 6.42 7.20 6.54 7.62 7.23 1.67
11 42H 9.63 '10.82{10.50 11.51 9.36 10.24 9.42 10.63 10.26 .71

12 32G 4.34 5.14 5.30 6.29 4.21 4.92 4.20 5.29 4.96 51
'3 41H 3.71 4.84 4.62 5.54 3.53 4.20 3.52 1 4.55 i4.31 .69
14 44E 6.11 7.27 7.07 8.13 5.89 6.60 5.95 17.12 6 77 .70
15 22E 6.64 7.63 7.47 8.45 6.37 7.08 6.49 7.58 7.2! .70
6 34H 6.31 7.54 7.38 8.19 6.31 6.96 S. 8-5 7.36 6.9- 1.71

1 7 1 j TOTALI

6.42 7.48 7.30 8.24 6.24 693 6.27 7.37 -7 -6.94
1.81 1.80 1.78 1.72 1.78 2.2 1.81 2-.15

Table 3 Element Phase Excitation In 5 GHz

MMIC I CHIP PHASE VALUE IN DEGREES FOR PHASE STATE
E Iden.- i _

No. cation 0° '1- 10 , 15" - 22 0" 315"

1 I 232 0 40.1 9 [5 125.7 1J1.2 221.0 264.2 307.3
2 320 0 41.9 87.1 127.7 183.2 224.5 267.6 31!.5
3 14F 0 46.4 84.8 123.7 180.6 1215.0 262.8 304.8
4 134 0 42.5 86.5 126.0 181.1 220.9 261.9 304.5
5 21G 0 42.7 86.8 128.2 182.2 224.4 266.4 311.6
6 22A 0 40.6 84.7 124.7 179.5 220.4 261.2 305.3
7 334 0 39.2 85.4 124.1 185.1 218.2 261.6 304.2
8 21F 0 40.5 83.9 124.9 179.9 219.6 260.1 302.8
9 24F 0 38.0 84.3 122.0 179.1 216.8 260.7 302.0
10 43D 0 38.5 81.8 122.9 180.5 220.2 262.4 306.1
11 42H 0 39.t 83.6 173.7 1 176.6 216.2 258.0 301.9
12 32G 0 38.9 85.5 ,23.7 179.1 217.6 261.8 303.7
13 41H 0 46.2 91.3 '30. 184.9 224.4 267.4 310.2
14 44E I0 40.1 86.1 25 31 181.0 220.5 263.6 306.8
15 22E IC 40.6 85.8 128.2 183.7 223.8 266.6 310.4
16 34• 0 37.5 83.9 122.0 176.2 I16 0257.3 300.5

C4.83 85.881 125.2 1110 9 2.'O 0 1- I '30 .

.1 i 1 2 63 L. .63 1 .') 1 M 3 4"u 2 53 I ,



Table 4 El'mr Amplitude Excitation at 20 GHt

kujduI e __ CHIP GAIN IN dB FOR PHASE STATE

REF
(0 Deg) 45 90 135 180 225 270 315

1 J.0 5.5 5.5 6.2 4.7 4.9 4.8 5.3 5.241 .46
2 5.5 6.1 6.0 6.8 5.1 5.5 5.1 5.8 5.74 .53
3 6.0 6.6 6.6 7.3 5.8 6.0 5.7 t.3 6.29 .50
4 4.5 5.3 5.2 6.0 4.3 4.7 4.2 4.9 4.89 .565 5.3 6.0 5.7 6.5 5.0 5.4 49 5.6 5.55 .49

6 4.8 5.4 5.3 6.2 4.4 4.7 4.3 5 1 5.03 .58
7 5.0 5.7 5.7 6.5 4.8 5.1 4.8 5.5 5.39 .54
8 7.6 7.9 8.2 8.6 7.4 7.4 7.4 7.7 7.98 .41
9 8.2 8.6 8.7 9.3 8.0 8.0 7.9 8.3 8.38 .44

10 6.6 1 7.2 7.1 7.9 6.4 6.7 6.4 7.1 6.93 47
11 5.4 6.2 6.0 6.9 5.1 5.4 5.0 5.7 5.7! .59
12 I 4.8 5.5 5.5 6.1 4.6 4.8 4. 5.1 5.13 .54
13 .3.8 4.6 4.5 5.3 3.7 4.0 3.6 4.3 4.23 .53
14 6.9 7.4 7.5 8.1 6.6 6.7 6.6 7.0 7.10 .49
15 7.0 7.5 7.5 8.2 6.8 7.0 6.8 7.4 7.28 .4,
16 3.6 4.3 4.3 5.1 3.4 3.6 3.3 4.0 3.95 .56

5.625 6.24 6.21 694 5.3F 5.62 5.23 5.a 5.91
l 1.29 1.17 1.24 1.15 1.2' 1.20 1 30 1.20 1 33

__ __ 1___ I I _ ,_ .__ __ -.

Table 5. Element Phase Excitation at 20 GHz

CHIP PHASE VALUE IN DEGREES FOR PHASE STATE

Module REF 45 90 135 18C 224270 31

0 4J 89 zU ] . .I ... ..

2 0 40 89 128 187 228 275 316
3 0 40 89 127 186 227 273 315
4 0 42 90 129 186 226 270 313
5 0 41 90 130 187 229 275 319
6 0 39 88 125 185 25 271 313
7 0 39 88 126 184 2. ) .lj4
8 0 40 88 126 184 225 270 412
9 0 39 89 125 184 224 2" '1 13

I0 0 38 85 124 185 225 2"1 315
11 ') 38 86 124 1 I 222 26A 311
12 0 40 89 128 1 225 3
13 0 41 89 26 I , 1. 224 3

15 0 40 90 130 188 ,,1 2 tlI

16 0 .o85 222

-:.. . .- . ... .I !v:- .: i: - ..j..... .
III8 18 I 209 '- lb 22b l clt I;.' 1 , _:

S..... . .... . [ , _ .1 . b 9 1 -
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4. RADIATING-_ELEMENT

The performance specifications of 20 GHz radiating elcment wer ,

follows:

Frequency 20 GHz

Bandwidth + 0.5 GHz

VSWR 1.5:1

Size <1/4 Wavelength

In view of the 5% bandwidth and the array scan angle coverage of 0

degree to + 60 degrees requirements, a dielectric loaded cavity

radiating element was selected. A phased array with cavity

radiat;ng elements wili not experience a "blind spot" as that with

patch radlatlna Plpmrntý. This is because there is no dielectric

medium to support the generation of surface wave under the radiating

aperture while the beam is scanned beyond ± 30 degrees from

broadside direction. lhe selectee cavity radiating element, shown

in Figure 8, has a size of 0.131" (length) X 0.131" (width) X 0.075"

(depth) and is loaded with alumina material. Two 0.048" X 0.039"

"ears" are used to provide accessible ports for exciting the

orthogonal polarizations. For circular polari-ation, a Lange

coupler was used to feed the two orthogonal linear ports ("ears")

thru two 50-ohm milcrostrip lines.

5. ARRAY INTEURATIQN ANDPERFQRMANCE

The array in a size of 1.08"XI.08"X0.24" consists of 16 radiating

element cells arranged in a 4X4 matrix with a 0.27" spacing between

~ 1.4



adjacent cells. Each radiating cell, shown in Figure 9, consists of

a cavity radiating element of size O.131"XO.131"XO.075" excited by a

Lange coupler, a GaAs MMIC receive chip of size O.270"XO.070"XO.O05"

consisting of a low-noise amplifier, a buffer amplifier, and a 3-bit

phase shifter. All 16 radiating cells are connected to a power

combining network via a vertical RF feed-thru. A cross section of

array wih a RF feed-thru is shown in Figurt? 10. The length of the

feed-thru, 0.238". is determined by the impedance matching

requirement. The RF feed-thru is simply a piece of coax cable that

slips into a pre-drilled 0.056" diameter hole in the carrier plate.

The center conductor is 0.010" in diameter.

DC/Logic connections for each MMIC chip are provided on the

ccrs-n4- ul urace rO4- from.S *IIe 'GN IU %.i t:~ allay Via

a thru-hoie. The array vertical integration scheme is shown in

Figure 11 and was integrated into a single hardware unit designated

as Antenna Box. However, the DC/Logic control function was

mechanized into a separate control box designated as a Phase Shifter

Control Box rather than the preferred "on-chiri" control module to

provide flexibility and shorten the design/implementation time

during this initial demonstration program. For ease of

Identification of MMIC chip locations in the array, the radiating

elements are numbered from 1 to 16 as shown in Figure 12. These

identification numbers are used for setting the phase values of

4ndividual elements in the Phase Shifter Control Box.
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ARRAY PERFORMANCE

Gain calibrations of the broadside beam fir the 16.-element array at

three frequencies were performed by comparing the array with a

standard gain horn. The measured circular polarization gains of the

broadside beam, referenced to the output port of the power combining

network shown in Figure 2 after corrections for the broadside axial

ratio are summarized in Table 6. Measured gain values at 19.5 GHz,

20 GHz, and 20.3 GHz are, respectively, 10.9 dBic, 9.5 dBic, and 5.2

dBic.

Axial ratio radiation patterns for beams scanned from 0 (broadside)

to 60 degrees with a 20-degree increment in various phi-plane cuts

were recorded at 19.5, 20.0, and 20.3 GHz. Figure 13 shows the

IIleasureU scanI bUa am, pO LI 113 U' . 4, C 4 ''4 ýW 4 - ~ 4 - 4'-- -.'.., - . .. -.he

phl-45-degree plane at 19.5 GHz. They are well behaved.

Theoretical active array pattern and gain performance with the

effect of all MMIC chips can be accounted for by using the actual

gain and phase shift values of the 16 MMIC chips as the actual

excitations for the corresponding radiating elements. The

theoretical gain values then need to be adjusted for the

dissipative, reflective, and other loss factors encountered in the

array. A compa-ison was made between the theoretical and measured

array performance. Theoretical active array gain and pattern

performance at 19.5 GHz were calculated by using the measured chip

data in Tables 2 and 3 as element excitations. rhe calculated gain

was then adjusted for the dissipative, reflective. and other loss
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Figure 12 Subarray Elanmrt Identification

Table 6 Measured Circular Polarization Gain of the 16-E!ement Subarray

- Measured Gain

Parameters 19.5 GHz 20 GHz 20.3 GHz

Measured Peak Linear Gain (dB) 9.3 7.9 4.8
Correction for Axial Ratio (dB)* +1.6 +1.6 +1.4

Circular Polarization Gain (dBic) 10.9 9.5 6.2

2).9
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factors encountered in the array as tabulated in Table 7. The

estimated active array losses for beams at broadside and E - 200

are, respectively, -5.8 dB and -7.1 dB. Assuming a perfect circular

polarization, the calculated active array broadside beam gain is 16

dBic without accounting for the array loss. Thus, the calculated

array gain adjusted for the loss for the broadside beam is 10.2 dBic

compared with 10.9 dBic measured. For the beam scanned to 0 - 20",

they are 8.9 dBic calculated and 8.9 dBic measured. The comparison

of the calculated and measured gain values is excellent. The

calculated and measured patterns are in good agreement except for

the sidelobes. Although the sidelobe level is fair, the discrepancy

is due to amplitude and phase errors not accounted for in the

theoretical modeling. In particular, the phase setting for each

chip was referenced to zero degree. The zero degree point was not

verified experimentally. Table 8 summarizes the calculated and

measured array performance.

6. CONCLUSIONLAND RECOMMENDATION
ca e ^n 4-hnea i-e 4 -ne-sl~ 4-. 4h+kt e4n %i~~ .~4 ,~j~ fi

wiL.t.% %. L**C uot . %¶. I * .P ~ .Jt U. 611 "%14 u . -do f~S aul Ui.anf. l J , Sand~

integration of a K-band MMIC phased array was demonstrated with this

16-element subarray hardware. The MMIC receive chip performance was

less than desirable; however, improvement can easily be achieved

with additional iterations. A successful MMIC processing approach

has also been demonstrated with a yield of 48 percent (42 RF

functional chips out of'B7 total from a single wafer), a very high

yield on a coomplex analog GaAs MMIC module at K-band.
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TABLE 7 ACTIVE ARRAY LOSSES (dB)

"1 Broadside Beam Scanned
Parameters Beam At 3 = 200

Reflection

Power Divider (1.6:1 Avg.) 0.9 (Avg.)
Element 2.1:1 0.6

Dissipative Losses

Quartz Line (1.5 dB/in.) 0.4 "
Power Divider (1.2 dB/:..) 2.9
Feed-thru 0.3
Wire Bonds (0.1 dB/bonl) 0.2

Other Losses

Cross-,Pol 0.5 "
Phase Quantization - 0.9
Beam Scan at 200 - 0.4

TOTAL LOSS _ 5.8 dB 7.1 dB

Table 8 CalcL lated and Measured Antenna Pattern Performance at 19.5 GHz

Broadside Main Beam Scanned
Pattern To (00,200)

Performance

Measured JCalculated Measured Calculated

Gain (dBic) 10.9 10.2 8.9 8.9

Beamwidth (Deg.) 30.0 29.0 28.0 31.2

SLL _(B) - 18.0 -37.5 -12.0 -24.3

22



For the 16-element array hardware, there are a total f.768 wire

bonds performed for the DC/Logic connections (4 wire bonds per

control line X 12 lVnes per chip X 16 chips). This is definitely

prohibit.ve in terms of reliability and cost for practical array

applications. An on-chip digital module for DC/Logic control

functlons is recommended to reduce the number of wire bonds.
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SIDE LOBE REDUCTION VIA MULTI-APERTURE

MICROWAVE SYSTEMS

Steven M. Watson, James P. Mills, and David H. Stone

Air Force Institute of Technology, Department of Engineering

Physics, Wright-Patterson AFB, Ohio 45433

Abstract

The far-field antenna patternA of array microwave systems

can generate large side lobe irradiaxces. The purpose of this

research was to design array systems which had far-field

patterns which exhibited side lobe irradiances less than that

of a perfectly transmitting circular antenna and central lobe

wi t snongreate-r than, tha of- .-. .-. - in.-. 0 inre -*or' -

equivalent diameter. Antenna array systems composed of 19, 37,

61, and 91 antennas satisfied These performance criteria.

Further analysis indicated that central obscurations lowered

the maximum side lobe irraiiance in the 19 antenna arrays.

Also, random dophasing of the antennas caused degraded

performance of the arrays. The ability to steer the arrays

using phase variations was investigated. The effects ('f d

riout'inctioninq antenna in the 1) antcnn_ý a,. ray was studied.
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Introduction

INTRODUCTION

The purpose of this research was to design and analyze

multi-element systems (phased arrays) which exhibited maximum

side lobe gain to central lobe gain ratios which were less than

that of a single large antenna; i.e. -17.6dB. In addition, the

resulting far-field antenna patterns would have central lobe

widLhs w•ich were equal Lo or le s thLn LbtL of a single ide

antenna of equivalent diamener.

There are many applications of phased array antenna

systems. One application of phased array systems is that of

power transmitsion. To maximize irradiance on a target or

another receiving antenna, a hign gain antenna is required,

typically a parabolic dish in a Cassegrain configuration.

There are, unfortunately, manufacturing limits when building

extrememly large antennas, expecially when mobility of the

&ystem may be required. In addition, practical limits of the

effective aperture arise when considering air breakdown when

transmitting at hiqh power's. Arrays of circular antennas may

provide a suitable alternative tc single large antennas.

1
Toraedo Di Francia examined tte te duct ior\ of nid, lobes

in proximity to the central lobe while nariowinq the cent ral
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lobe of the fat-field diffraction patterns of a single opt Lcal

aperture. Although Di Francia' - results censidered optIcal

frequencies, the results are equivalent to the microwave

frequencies if one allows the A/D ratio to remain co stant

where D is the size of the optic or antenna.

The research reported here extended Toraldo Di Francia's

summation of complex field amplitudes generated by concentric

rings to array (antenna array) systems. The approac'L consisted

of designing antenna array systems composed ot concentrLc rings

of identical circular antennas which were analogous to the

concentric thin rings on a single large aperture. These

systems were comprised of one to six rings of antennas yielding

antenna totals of 19, 37, 61, and 91. In all cases, the

secondary maxima gain to central lobe gain ratios of the

far-field antenna patterns for each antenna array was less than

that of the perfectly transmitting single large antenna. In

addition, the central lobe w2 :ths generated by these systems

were equal to that of a single large aperture of equivalent

diamýtar ±hSb WaS eXPk ~tL~t, Of COtUUbU, bkJCacUbe: Llt- VOlLUIUb

arrays of antennas were constrained in size to just fit within

the single large antenna.
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Theory

The analysis consisted of examining the far-field antenna

patterns produced by imaging a point, source through each

antenna array. The electric field pattern of an individual

circular element in the far-field is given by

2 v2 1/2
E(uv) 27a 1[(u +V )

(u2 + 2 )1/2 ' (1)

where

u = 27ax and v = 27ray

AR AR (2)

and "a" = the element radius, x and y are the cartesian

coordinates in the target plane, A is the wavelength, and R is

the distance to the foca plane.

In the case of an array of circular antennas, the electric

field in the far-field is given by:

2 2 2 1/2
E,,(u,v) ,= 2a J (u + v ) ]

2 2 1/2(u + v

Xnzexp[-[i(up coSne + vp sink) )/a]. (3)
n=l n n T1 n

This electric field pattern, excluding nc-nessential

proportionality factors, is proportional to the Fourier

transform -f the transmittance of tihe ariay pattern 2 The

array pattern can be expressed as the convolution of one ot the

antennas with an drr•y of delta functions which descL ibe the

location of the •ent e s ot ich ti anterlla. 3•6 'the' al'ntl)n s wt'1
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contained within each array were identical circular antennas.

In this analysis, N was the number of antennas in the system,

6 was the angular position of each antenna in degrees from the

x axis; and p was the radial distance of the nth antenna from

the origin of the system and was expressed in terms of

multiples of the antenna radius. Uniform, monochromatic

illumination of these apertures was assumed.

A. Far-Field Antenna Patterns for Concentric Rings of Apertures

The antenna array systems examined were comprised of

concentric rings of identical circular antennas with a single

antenna at the origin. The single antenna was surrounded by

six antennas which just contAeted e other an the cenIr1

antenna (Figure 1). All of the array systems were constrained

to just fit inside of a single large antenna of constant radius

a . As a result, the subantenna radii of the array systemsref

nad to be adjusted appropriately.

In order to describe the far-field diffraction patterns of

these systems, a geometric andlysis was performed for the

concentric rings of identical circular antennas. This analysis

was combined with equation (1) to yield:

22 2 1/2E (u,v) 2 fa J 1 u + vm _ _ _ ret 1

112 u 2" 1',2t(2 (Linys) 1+2(u ± v
N

x >expl ira( up Vp SvIrfn )/d] (4)
I 1
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which describes the antenna pattern gurnera ted by each ringy of

antennas. Some of the variables in this equation die: I LnYS3

number of rings which comprise a particular avray system

"m" respresents a paiticuiar rinq beqinning with m = 1 as the

ring closest to the origin at an antenna radius of 2a kFigure

2a) , m - 2 as the next ring with a radial distance of 4a

(Figure 2b). etc. The frequency of the complex field

amplitudes generated by each ring is determined by the argument

of each exponential. For the rings that are turther from the

origin, i.e. as 2m increases, the antenna patterns exhibit

higher frequencies. However, the rings located in proximity to

the origin produced lower frequency field amplitudes.

The total antenna pattern of the array system is a

summation of the complex fiel& . .plio des of cach of ths ringc_

This coherent summation of the elect-ic field amplitudes yields

the following complex field amplitude at the focal plane:

EM (u,v)E(uv)+E(uv) + E(u,v) + + Em (u,v), (5)

where E 0 (u,v) is the electric field patte; for the single

antenna located at the origin.

The far-field irradiance patterns were calculated using2I
the re] 1itionship:2

I(u,v) = E(u,v)E (u,v) . (6)

Equations (3), (4), and (5) formed the basis for the

2Jum



,alculatloris of t he fa-fe iýId antenna patterns which, in turn,

were used to deter~mne the petf.ormonce of the concentric ring

antenna array systems.
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RESULTS

The purpose of this research was to design and analyze

antenna array systems which had far-field antenna patterns

char&cterized by maximum side lobe to central lobe gain ratios

which were less than that of a single large antenna; i.e.

-17.6dB. in the resulting antenna patterns, the central lobe

widths were evaluated. The theoretical far-field antenna

patterns of arrays composed of three to 91 elements (antennas)

were examined. Far-field calcul, .ions and side lobe

comparisons were performed for these arrays with and without

obscurations. Dephasing of individual elements (jitter) and

ateerability werea xarnined for- the 19 (rotated), 37, 61, and 91

element systems. Finally, the 19 antenna (rotated) system was

examined for its far-field performance with nonfunctioning

elements.

Figure 3 dli~3play) the antenna arrays which were anal.yzed

as well as the equivalent single aperture. The antenna axray

la-eled `19 elements (rotated)" differed from the sr:andard 19

element array in that the outer ring ot 12 antennas were

rotated 6.750 with respect ot the inner ring. In each case, the

iad.xus of each antenna array system was equal to that of the

ai~ngle large antenna.

In this research, it has been assumed that thoree was no

corapling between tne i ndividual antennas and Lhat each antenna

we': al it-ast 10) w ,yvel oi th._ in ',ialmeter. | 1-•;t aggimpt cv

.' 341



ensures that there are minimal effects on the far-field

diffraction patterns due to edge effects . For each antenna

system, the antenna radiation patterns were calculated using

equation (6) and converted to dB. Each antenna pattern was

noýfmalized to a unity peak mainlobe gain so that the side lobe

to main lobe comparisons cou!.d be made.

Figure 4 is the diffraction pattern for a singl.e large

element plotted in units of dB. The first sidelobe is the

largest at 17.6dB below that of the mainlobe (because of the

low sampling rate along the U axis, the lobe structure will

appear to be jagged). The single antenna pattern is circularly

symmetric. However, the multi-antenna patterns are not. The

succeeding array gain patterns are displayed using this format.

Eacl figure represents a planar cut of the pattern which

includes the largest sidelobe.

Side Lobe to Central Lobe Gain Analysis

Representative patterns are shown ir rinxreq 5a. bh and c-

These are the far-field patterns for the 4(square), 7, and 19

(rotated) antenna artays, respectively. The maximum sideloben

for the 4 element a. ray were only 10.0dB helow the mainlcbe and

15.8dB below the mainlobe for the 7 antenna array. These two

systems did not exhibit side Lobe to main lobe ratios less than

that of the single laige- antenna system. However, The 19, 19

(rotated), 37, 61, and 91 array syst:ýrs exhibited maximum side

lobe to c;'nt raI lobc ,in t,.tics which were iciss than - 17 .6dB.
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The 19 antenna (rotated) array exhibited the lowest side lobe

gain; i.e. -16.6dB. As the number of antennas increased, the

sade lobe to central lobe gain ratios increased, but did not

exceed the single large antenna value of -17.6dB. Figure 6

depicts the results of this analysis for both clear apertures

and apertures with a 20% central obscuration (the obrcuration

simulates the addition of feed horns or Cassegrain secondary

reflectors).

Figures 7a through c illustrate the reason for the reduced

maximum side lobe to central lobe gain ratios. Values for

these particular configurations of the antennas. The 19

antenna system, depicted in the upper right-hand corner, was

used to illustrate this effect. Figure 7a is the calculated

electic field amplitude in the far-field due to the outer ring

composed of 12 antennas. Figure 7b represents the addition of

the field amplitudes from the outer (12 antennas) and inner (6

antennas) rings. Figure 7c is the field amplitude generated by

all 19 antennas. The side lobe heights are considerably less

than that nerrated solely by the outer ring. (It should be

noted that there is a considerable difference between the side

lobe irradiances of the arrays being examined in this research

and a 19 antenna close-packed array system (Figure 8). Even

though this system is very similar to the 19 antenna (rotated)

systemi, the close-packed system yields a maximum side Lobe

irradiance value of 16.6dB b)elow that of the central lobe gain.

This maxima is 61% greater than that of the 19 antenna array

with the outer ring rotated 6.750)
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Figures 9a through f illustrate the far-field radiation

patterns of the single large, 19, 19 (rotated), 37, 61, and 91

antenna systems, respectively. Each pattern is the calculated

far-field modulus which is the square root of the irradiance of

equation (4)). As the number of antennas increased from 19,

the structured side lobes, evidenced by the pronounced peaks,

moved further from the central lobe. The irradiance of the

these structured lobes decreased as the number of antennas

increased. As the number of antennas increased, the antenna

patterns more closely resembled that of the single large

antenna. In addition, the irradiance of the side lobe ring

nearest the central lobe increased. For the 37, 61, and 91

antenna systems, the maximum side lobe values were located in

the first rings. As depicted in Figure 6, as the number of

antennas increased, the value of the first side lobe disk

approached the value of the first side lobe disk of the single

large antenna.

Ceantral Lobeh Widrt-h fln-alysei

Using Figures 9a through f, each of the anteina patterns

was analyzeu to determine the central lobe widh generated by

each array and compared to the central lobe width -f the single

large antenna. The results indicated that the central lobe

4
widths were equal. Harvey et. al. arrived at the same

conclusions using close-packed synthetic-antunna systems

c(,reposed of 3, 7, aIlLt 19 subapei -urs i ch had the same
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equivalent diameter as a single large aperture. Also, O'Neill 8

illustrated that the central lobe width of a synthetic array

was "characterized by its largest dimension."

Central Peak Irradiance Analysis

The next portion of this analysis was an examination of

the central peak irradiance ratios of the antenna arrays. The

peak gain for a circ,,lar antenna array will be less than that

of a single antenna which circumscribes the array. The

electric field pattern of the single large antenna (equation

(2)) is directly proportional to the area of this antenna of

radius aref On the other hand, the electric field pattern of

df dLay of antennas which ju"t fit inside of thi l 1 arge

antenna is proportional to the area of one of the antennas

(Ma 2) which comprise the array times the summation of plane

waves generated by each antenna (equation (3)). In order to

find the central peak irradiance ratios, the far-field

irradiance patterns (I) were calculated for the focal plane

coordinates u = v 0.0. This yields:

I (0,0) (N7ra2)2

I (0,0) (7ra 2) (7)S ref

where N is the number of antennas tn the particular antenna

array. Yable 1 displays the irradiance ratios for the arrays

considered.

?36


